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1. INTRODUCTIOW

The maturing nuclear .uwer industry is requiring an
expanding fuel cycle to meet its power generatiom needs. Fuel
cycle facilivies are processing higher and higher throughputs
nf nuclear fuel waterial. And if the nuclear power industry
continues to evelve toward a more efficient utilization of
the energy available in uranium fuel, then the construction
ang operation of high throughput reprocegsing and fuel fabri-
cation plants handling large quantities of plutonium will be
required, This places 2 new exposure dimension on this stra-
tegic special nuclear material.

Adequate control of special nuclear material (SNM) implies
a basic knowledge of the quantities of SNM processed through or
contained within a fuels processing facility with sufficient
accuracy that diversion of the SWM for deleteriocus purposes
can be detected in a timely manner. The effectiveness of an
SNM inventory system to satisfy this objective must be agsessed
in relation to the operational constraints imposed by the
technology available for use in large-scale commercial plants.
A thorough understanding of the basic umit operations and the
physical characteristics of the materials processed within the
facilities 1s necessary for establishing criteria for an effec-
tive control system,

This report to the Lawrence Livermore Laboratory (LLL)
describes the primary process streams containing plutenium
that are handled routinely within a spent fuel reprocessing
plant and conversion facility. These streame and measurement
gystems have been described in sufficient detail to permit
a preliminary assessment of the capability of measurement systems



to determine the inventory status within the facilities, A4s an
aid in implementing the objectives of the accountability system
in a realistic situation, the Allied General Nuclear Services

(AGNS) reprocessing plant now under construction near Barmwell,

South Carolina, was chosen ag the study model, o

In Section ?, the AGNS plant processes are discussed in
detail emphasizing those portions of the process rthat contain
significant quantities of plutoniwm. The unit processes within
the separations plant, nitrate storage, plutonium product ]
facility and the analytical laboratory are described with
regard to the SNM control system currently planned for use in
the facilities. Suggestions for possible SNM procedure improve-
ments are also discussed in a general manner. Flow sheets pre- £

senting primary process equipment volumes, process stream
flow rates, and plutonium concentrations are included as a
guide for evaluating nuclear material control system effective-

€

ness. The process portion of Section 2 is concluded with a
brief discussion of alternative process components that might
in the future be designed into a Purex separations and oxalate
precipitation conversion facility. To complete the description

of the ACNS report a listinz of the in-process and analytical .
instrumentation used fcr process control and SNM accountability '
control is given,

4 general discussion of laboratory techniques, nondes-
tructive assay and process instrumentation for pluronium process
and product material from a reprocessing plant is included in
Section 3. 4&n initial selection of laboratory, nondestructive ‘
assay, and process instrumentation is presented. f

Section 4 contains a comprehensive discussion of holdup
measurements in plutonium recycle faicilitieg, The relative l
impact of holdup or SNM material accountability in a Pu

/
|
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reeycle faeility is assessed to develop the proper prospective,
A review of holdup measurement techniques along with some
recently reported results are presented.

Section 5 contalns a brief preliminary overviiw of al-
ternative processing strategies for LWR fuel. Included is a
discussion on alternatives to the oralate precipitation process
for converting Pu(N03)a to Puy.,

An extensive review and sumary of modeling efforts for
liquid-liquid extracticn cycles 1s included in Section 6. 4
comprehensive bibliography of previous modeling efforts is
covered,

3
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2. BARNWELL MODEL PLANT |

The Barnwell Nuclear Fuels Plant (BNFP) operated by
Allied-General Nuclear Services (AGNS) was selected as the mode]
plant for this study as it cepresents the latest technology in
commercial use for reprocessing spent light water reactor (LWR)
fuels. The BNFP separations facility has a design capacity for
recovering 1500 tonnes of uranium and 15,000 kg of Pu from
irradiated fuel elements annually.( As the BWFP !¢ constructed,
the recovered Pu will be in the form of plutonium nitrate solu-
tions, however, a 1972 NRC ruling that all commercial shipments
of Pu must be In solid form necessitates that a solidification
process be added to the plant. In view of this restriction
AGNS has proposed an addition to the separations facility to
permit conversion of liquid Pu(N03)4 to solid PuO2 at a maximum
rate of 100 kg of FuQ, per day. A Preliminary Safety Analysis
Report (PSAR) has been prepared by AGNS describing the conversion
methods and processing equipment that would be used in the Plu-
tonium Product Facility (PPF),(Z) Further design work on the plant
addition has been deferred until the technical and regulatory
questions set forth in USAEC Report WASH-1327, Generic Environ-
mental Statement--Mixed Oxide Fuel (GESMO) have been resolved.(3)
The PSAR submitted does provide an adequate description of a
facility designed to satisfy the safeguards requirements as they
are understood today.

There are twe other existing commercial reprocessing facili-
ties in the United States that were considered as the plant model. .
The Nuclear Fuel Services Plant at West Valley New York was put
into operation in 1966. This plant is currently shut down for

modification to increase its capacity to 73C tonnes of heavy metal

B S
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pes year, It is unlikely that the plant will resume operations
befare 19804,

A LWR fuel veprocessing plant was constructed by the General
Electric Company at Morris, Illinois. GE has concluded that
the plant, as designed, cannot be operated effectively without
major modifications and has postponed plant startup indefinitely.
Neither the Morris plant nor the NFS plant were considered
representactive of large scale commercial plants of the future.

A fourth comnercial reprocessing plant has been proposed.
This plant to be operated by Exxon Nuclear Company at 0ak Ridge,
Tennessee, will be designed to reprocess spent fuel elements
at a rate of 2100 tonnes of heavy metal (uranium plus plutonium)
per year and is scheduled to start operation in 1984-1986.
A PSAR describing the plant has been submitted for acceptance
review(s). As the plant will not be in actual operation for
about 10 yesrs, it was not considered applicable for the basis
of this study.

The BNFP is located on a cite adjacent to the Savannah
River Plant operated by ERDA nmear Barnwell, South Carolima.
The plant will conslst of four major facilities when construce
tion is complete(a).

1. The Separations Facility, This portion of the plant will
be used tg receive spent fuel elements discharged from
power reactors, provide storage prior to processing, pre-
pare fuels for recovery using the shear-leach process
and recover uranium and plutonium as purified concentrated
nitrate soclutions utilizing a nodiffed form of the Purex
process,

2. Plutenium Product Facility (FPF). Recovered plutonium
nitrate solutions will be converted to plutonium oxide
using the oxalate precipitation process. Plutonium
oxide will be stored pending shipment to a mixed oxide
(MOX) facility for fabrication into fuel elements for
tacycle into light water reactors or into breeder
reactor fuels,

I T Yy
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3. Uranium Hexufluroide Facility (UHF). Recovered uranyl
nitrate solution will be converted to uranium hexa-
fluoride by the fluid bed reactor technique used at
Metropolis for converting yellowcake to UFB'

4. Wasre Handling Area (WHA). Radioactive wastes generated
in the separations facility and the uranium hexafluoride
facility will be handled, solidified, packaged and stored
prior to shipment to a Federal Repository for disposal,
Scrap generated in the plutonium facility will be
processed and stored temporarily within the plutonium
facility.

The overall process flow chart for the combined separations

faeility and the plutonium product facility is presented in

Fig. 1.

2.1 GENERAL PROCESS DESCRIPTICN - SEPARATIONS PLANT

The overall flow sheet for reprocessing spent fuel using
the shear-leach teed preparation method and a modified Purex
process utilizing an electrocell for plutonium valence control
is given in Fig. 27 Further details of the dissolution and
feed preparation steps are given in Fig. 3. Fig. 4 shows the
coextraction and uranium and plutonium partitioning cycles,
anJ Fig. 5 presents the plutonium exrract purification and
coucentration processes. The uranium and plutonium concenrra~
tions given for the process streams shown on Figs. 3, 4 and
5 are average-equilibrium values based on recycling mixed
oxide fuels from a LWR. The plutonium centent of recycled
MOX fuel is on the order of 3% of the contained heavy metal.
Spent fuel from a LWR operated on a fresh fuel cycle normally
has a plutonium content of 0.8 to 1.07%.

Spent fuel elements contained in shielded tramsport casks
are received at the cask unloading facility. The fuel elements
are transferved to the storage pool for interim storage prior to
processing. The spent fuel elements are transferred to the

¥
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shearing cell where the elements are sheared mechanically into

pieces. The pleces are gravity discharged direetly to one of N
three dissolvers which are operated on a semi-continuous basis.

Disgolution occurs in three cycles consisting of primary '
dissolution, simmer and rinse, One of three dissolver vessels

operates in one of the three cycles, and all three are stepped

sequentially through the entire cycle by valving operations.

In the dissolver, the chopped fuel is contacted by a
liquor prepared from fresh nitric acid makeup, recycled
dissolver solutrion, hull rinse liquor and rinse liquor from
one of the other dissolvers. The dissolution stream is typical-
ly 3.5 molar nitric acld and contains U and Pu from the dissolver
recycle streams.

The solid hulls, consisting primarily of zircalloy
fuel element hardware and tubing remnants, are transferred
to the solid waste treatment process. These hulls contain
undissolved U and Pu, The product stream is transferred

zom the dissolver and mixed continuously with the product
streams from each of the other two dissolvers, The mixed
streams are held in a feed surge tank until a batech contain-
ing about 2000 Kg U is accumulated, The eptire batch is
then transferred to the accounting tank.

The fuel elements received from a given reactor reload
will be processed as a lot through the acecountability tamk.
A Jot will vary from approximately 15 to 30 MT of U requiring
from 3 to 6 days for processing. Prior'to starting the next
lot, the shear, dissolver, surge tank, and waste transfer
facility are drained down and cleamed out. The materials
recovered in the accountability tank are accurately sampled
and assayed. The amounts of Pu and U measured in the account-
ability tank are used as the basis for the plant inputs for

12




mass balance, SNM accountability and customer settlement.
Further processing in the separations plant is done on a con-
tinuous basis without an attempt to segregate ane customer's
SKM from that of another,

The hulls are analyzed for U and Pu uging counting
techniques primarily as a process control measure to mopitor
the effectiveness of the dissolution, simmer and rinse cycles.
Any Pu or U associated with the hulls is not entered into the
accountability system as the hulls are packaged for disposal
and the contained SNM is eliminzted from the plant.

The solution in the accountability tank is transferred
to either of two feed adjustment tanks to reduce the nitric
acid concentration from approximately 2.7 molar to 2.5 molar
in order to maintain a constant feed in the separations area.
The adjusted feed stream is fed to a centrifuge by drawing
from one adjustment tank while the second is being prepared.
Approximately three feed-adjusted batches sve processed in a
24-hour period.

A slurry containing any particulates removed Irom the
separations plant feed stream {s withdrawn from the cencrifuge
and transferred to high level waste for prncessing.

A solvent extraction system feed tank (HAF) with 14,000-
liter capacity is used to convert from batch operation to
continuous operation. This tank can acccmmodate essenrially
two full batches of adjusted and centrifuged feed solution,

Up to this point, the feed solution contains essentially
all of the Pu, U and fission products entering the plant as
spent fuel elements. A relatively small portion of these
constituents have been discharged to waste with the hulls,

13
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To avoid & criticality accident in the dissolver or
other vessels of unfavorable geometry in the event that safe
plutonium concentrations are exceeded, gadolinium nitrate is
added to the dissolver feed solution. A positive indication
of the presence of gadolinium is provided by neutron detectors |
installed in the dissolver acid surge tank. The gadolinium !
1s discharged with the majority of the fission products in the
waste stream from the centrifugal contactor. Criticality
control tnrough the remainder of the separations facility is
maintained by solution concentration control or by geometry
control.

The primary plant feed stream 1s mixed continuously with
a recycle stream from the scrub column (HS) in the approximate
proportions of two parts primary feed to one part HS column
recycle. The mixed stream is fed Lo a centrifugal contactor
in which the U and Pu are co-extracted into a solvent stream
consisting of a mixture of tributyl phosphate (TBP) in n-dodecane.
The bulk of the fission products remain in the aqueous phase |
and are processed to the high level liquid waste system via
a decanter and surge tanks,

The solvent stream containing Pu, U and a portion of
the fission products enters the scrub (HS) pulsed column
where the solvent is contacted by a three molar nitric acid
aqeeous stream to achieve additional decontamination of _
fission products. The sccub also removes a portion of the U o
(v 3%) and Pu (v 20%). The aqueous stream is then routed to
the mixer in the feed stream to the centrifugal contactor
for recycle.

The solvent is introduced into the electrocell, a pulsed
solvent extraction columm in whick electrolysis is employed
to reduce the valence state of Pu from Pu+A to Pu+3. At the

14
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same time, the solvent stream is contacted with a 2.5 molar
nitric acid stream. Since the ru+3 species is not complexed
by the solvent, the Pu+3 is extracted into the aqueous gtream.
This action effectively partitions the Pu and U components.
The U-bearing solvent stream contains very little Pu (< 10,000
ppm), however the Pu-bearing aqueous stream contains a rela-
tively large portion of the U with the U/Pu ratio at approxi-

mately 2:1,

The U-bearing solvent stream is scrubbed by a 2.5 molar
nitric acid aqueous stream in the 1BX pulsed solvent extraction
column to remove additional fission products. The aqueous
stream is recycled to the electrocell, The solvent stream
is contacted with a .01 molar nitric acid aqueous stream in
which the U is extracted to the aqueous phase with a further
decontamination of fission products. The dilute uranyl nitrate
aqueous stream is then concentrated to form the final separa-
tions plant uranium product.

The Pu-bearing aqueous stream from the electrocell is
mixed continuously with a 12 molar nitric acid stream and
3.2 molar HaNO, stream, The combined streams are fed inte an
air-gparged surge tank (1BP). This procedure reoxidizes the
Pu+3 to Pu

The aqueous stream is contacted by a fresh solvent stream
in the first cycle Pu purification extraction column (24)
and both the Pu and U are extracted into the solvent. The
aqueous stream containing about (.04g of Pu per liter and most
of the remaining fission products is routed to waste. The
solvent stream overflows the 24 column and is contacted with
a 0.3 molar nitric acid strip stream in the 2B column, The
Pu is extracted into the aqueous stream along with about 307
of the available U. At this point the U/Pv ratio is approxi-
mately 0.5:1.

15
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A second Pu purification cycle of solvent extraction
and acid strip occurs in the 3A and 3B columis, After a diluent
wash in the 3PS column, the Pu aqueous stream has been effec-
tively decontaminated and contains less tham 10,000 ppm U.
A conceutrator of critically safe geometry is used to increase
the plutonium concentration from 0.25 molar to 1.5 molar and
the product Pu(NO,), is collected in a series of 5 critically
safe slab suvge, sample and interim storage tanks. The plu-
tonium product is transferred to a product measuring tank where
accurate concentration and volume measurements are performed.
The plutonium nitrate is then transferred to critically safe
slab tanks for storage.

2.2 GENERAL PROCESS DESCRIPTION - PLUTONIUM PRODUCT FACILITY

The feed material for the plutonium product facility will
be the plutonium nitrate solution from the storage product
tanks in the separationg plant with typical characteristics
as given in Table 1. The pamma emissions and radioactive
decay heat generation characteristics as well as criticality
control for concentrated plutonium solutions and products are
the cause for severe design coustraints for the processing
equipment within the PPF. The overall plutonium nitrate to
oxide conversion system using the oxalate precipitation and
caleining process is described in Fig., 6. The details of the
feed preparation steps are given in Fig. 7, and the oxalate
precipitation and filtering operations are described in Fig. 8.
Fig. 9 provides a schematic of drying, calcining and screening
cperations, and in Fig. 10 the filtrate treatment system

16
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TABLE 1. PLUTONIUM NITRATE FEED CHARACTERISTICS

Characteristic

Plutonium Concentration

Nitric Acid Concentration

¥ Uranium

Radioactive Decay Heat
Radioactive Hydrogen Generation

Gamma Fmission

Plutonium Isotopic Composition
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242

(L) Plutonium concentrations in excess of 250 g Pu/l may be

Value

100-360 g/1¢D

2-10 molar

<10,000 ppm Pu

<60 Btu/hr kg Pu

<5 x 1074 scfhikg Pu
80 wCi/g Pu

50.0
25.0
15.0

1.5

processed if the heat genmeration rate is less than 60 Btu/hr g Pu.

17
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is presented. The PPF has a design capacity of 100 kg Pup,
per day with the praduction divided into two process lines

each capable of processing 50 kg Pu daily.

The plutonium nitrate solution is transferred from
the storage tanks to one of two feed preparation tanke on
a batch basis. The nitric acid concentration ls adjusted to
3 molar to provide a constant feed for the conversion process.
It is essential that the nitric acid molarity be maintained at
more than 2 molar as Pu emulsions may form at asid concentra-
tions below 1.5 molar. Hydroxylamine (BAN) is alsc added at
the feed adjustment tank to reduce any Pu+6 to Pu+4 prior
to the precipitation step. After the feed adjustment step
is complete, the nitrate solution is heated to 55°C in an
in-line heater and fed continucusly into a precipitator equipped
with a mechanical stirrer. A solution of oxalic acid is added
to the precipitator and the slurry produced is allowed to
overflow to the digester., The digester consists of three,
in-line mechanically stirred vessels that are arranged to
permit the overflow of one unit to cascade into the next. The
oxalate slurry flow rate is adjusted such that the digestion
time is approximately one hour.

The slurry is fed into a rotary drum vacuum filter for
primary filtration. The oxalate cake is rinsed on the filter
drum and scraped off with a doctor blade. The filtrate is
transferred to a filtrate surge pump prior to further processing.

The plutonium oxalate Pu(Czol‘)2 cake from the drum
filter is discharged into 2 rotary screw dryet-calciner. The
Pu(0204)2 is destroyed by hearing in air to form the desired
product Pug,. The oxalate cake feed rate, screw speed, heating
rate and final calcining temperature are all critical to the
production of Puly with the proper characteristics for compacting
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into satisfactory fuel pellets during subsequent fabrication
operations.

The calciner discharges directly to a screen through which
the product is collected in a container with 32-kg Pu capacity _ ;

and the oversize Pu0, is collected in a separate container

while also serves as a recycle grinder. When the oversize
collector vessel is full (10 kg Pu0,) as indicated by a load
cell, the collector is transferred to a twin roll horizontal
grinder., The collector is rotated for several hours to allow
the oversize Pu0, to self-grind to the proper mesh size. When

grinding is complete, the collector is transferred to the
inlet of the dryer calciner, and the ground PuO2 fed to the
dryer through a separate feed screw as an additive to the

normal feed stream.

}T The PuC, product powder is discharged from the screen |
into the blender container. When the blender contains 32 kg :
of Pud, as indicated by a load cell, the blender is automatically ;
y valved off and the blender transferred to the blending stand. !
: The container is rotated about its radial mid-place umtil

blending is completed. Homogeneity is determined by gamma
scanning the outer surface of the container and comparing
counts received from various powder volumes. The powder is
also sampled to assure product purity and physical characteris-

tics satisfy the specifications. The blender container is x ;
transferred to the powder load-out stand, where the content of
the blender is discharged into four product cannisters each
holding 8 kg of Pu02. The cannister covers are installed,
each cannister sealed and the outer surfaces decontaminated.

Four product cannisters are loaded into . storage pressure
vessel that is in turn lidded, sealed and decontaminated. The

24




L

loaded pressure vessels are transferred to plutonium storage.

2.3 MATERIAL ACCOUNTABILITY IN THE BNFP

The BNFP is to be operated as an integrated plant with
several interacting operating facilities as described in
Sections 2.1 and 2,2, Each of these faecilitjes is further sub-
divided into Mateiial Control Areas (MCA) that are identifiable
physical areas such that the quantity of SNM moving into or
out of the MCA is measured, Some MCA's are identifiable
physical areas that have transfer control based on item
identification and pieca-count of the items. These MCA'a are
identified as item control areas (ICA). All other MCA's are
referred ta as material balance areas (MBA's). The BNFP is
divided into eleven MCA's as shown in Table 2.

In theory, if the plant could be operated in a manner
such that on any given day, the quantity of SNM in each storage
location, in each process vessel or container, and in each
scTap, waste and sample stream could be measured with sufficient
accuracy, diversion of significant quantities of Pu would be
unlikely without detection by the material control system.
Inherently, as the plant throughput is increased, the aceuracy
of the determination of the quantities ef SNM in inventory or
in process at any given time expressed as a percentage of
plant throughput must be improved as the amount of Pu that
could be diverted without detection to just remain at some fixed
level relative to the critical mass of plutonium(a),

In the case of a combination spent fuel reprocessing and
plutonium conversion facility based on the BNFP design, it is
apparent that the characteristics of the feed and product
materials are the dominant factor in facility design. Because
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TABLE 2. BNFP MATERIAL CONTROL AREAS

Degcription
Fuel Receiving and Storage
Separations Process area
Plutonium Nitrate Storage Area
UF6 Process Area
UF6 Product Storage Area
UFG Scrap and Waste Storage Area
Analytical Serviees Laboratories
Plutonium Conversion (Puoz) Process Area
Plutonium Oxide (Pu0,) Storage Area
Plutonium Scrap and Waste Storage Area

Central Waste Handling Area
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of the high radiation levels of the incoming spent fuel
elements and the toxicity of the product Pu, the major portion
of the SNM within the plant must be confined behind shielding
walls or process containers such as glove boxes. These necegsary
protective barriers are in themselves effective deterrents to
diversion. Small quantities of materials in the form of
samples, scrap and waste are routinely handled outside the
major process. Although the concentration of SNM in these
materials is generally low, in a complex facility there are

& large number of streams extrancous to the main process that
can at various times contain several kg of SNM in aggregate.
These streams contribute disproportionately to the difficulty
of achieving the objectives of the material accountability
systems for a variety of reasons:

o It is difficulr to identify every possible form of
scrap, waste and plant effluent stream in sufficient
detail to provide monitoring systems that can ac-
curately measure the SNM content over the congentra-
tion ranges that occur in the actual streams.

e The SNM is often associated with large quant’ties of
materials that by sheer bulk and physical gecmetry
prevent accurate measurement of the SNM.

e The SNM is often present in an non-homogeneous
array, i.e. undissolved U and Pu solids are located
at discrete points on the surfaces of solid hulls
discharged from the separations plant dissolvers.

¢ The SNM is assoclated with highly radioactive
wasteg that preclude accurate measurement of SNM,
i.e. Puor U discharged in the waste stream from
the coextraction cycles.

e Intermittent plant operating upsets permitting
unmeasured flow of SNM for short periods, e.g.
a process filter fallure permitting SNM to enter
the plant waste or ventilation systems,

27



o Equipment failure requiring discharge of SNM
in an abnormal form precluding accurate measur-
ment of the SNM ccntent, i.e. failure of the
plutonium oxalate filter-dryer resulting In a
non-homogeneous mixture of wet, dry and par-
tially converted plutonium oxalates that require
extensive preparation before an accurate deter-
mination of the Pu content can be made.

Typically at any given time the amount of SNM in a specific
waste scrap or gample stream is small; however, the aggregate
amount of SNM contained in all of the extraneous process streams
typically represents 10% or more of the plant in-process in-
ventory. The uncertainty of the measurements of the SNM con-
tent of these materials and the extraordinary length of time
required to obtain the analytical results using techniques com-
monly in use presents a formidable obstacle in detecting diver-
sion of small quantities of SNM.

As an aid to evaluatiag the effectiveness of improved
process control information, the primary process streams for
the BNFP have been characterized in Tahle 3. Considering
the size of a unit cortaining 200 g Pu, the minimum size of
a shielded container with 200 g Pu needed to protect the diverter
from sericus injury, the form of material diverted, and the
usefulness of the diverted materials to the diverter were used
for characterization. The last column in Table 3 is obviously
subjective as the capability of a diverter for converting the
diverted Pu to forms suitable for his purposes can not be
readily assessed. The various streams have been characterized
as follaows:

¢ Very Poor - The Pu is associated with large quantities

of highly radioactive fission products such that 3-5

feet of concrete or other shielding material is
necessary to prevent serious injury to the diverter.
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Table 3. BNFP Process Streams - Diversion Characteristics
Uscfulness
to
Dlverter
Container
Appraxinal to Hold %00 g Pu For
Process Unir | Without Serious Weapan
Process Containing Inhjury to the or
Area Process Stream Deseription | Form 200 ; Py Diverter Criticality
- —_—
Farl Receive Spent Fuel Element ! Fuel <! element | Spent [uel shlpging Very poor
Receiving ' Element cask - 50,000 1
g?gmge Store Spent Fuel Elesents | Fuel <l element
Separation | Chopped Fuel 2 loug Several
Facility pieces hundred
Digsolver Selution Liquid 20 titers
Hull Kinse Solution Liquid 20¢ !iturs
finsed Hulls Solid 20 py
Accountability Tank Liquid 20 licers
Centrifuge Feed Liquid 22 liters
Centrifuge Slurry Liquid 500 liters
Centtifupal Unniractor Fueli Liquie 22 lirers
Centrifupal Contractor Liquid 3000 liters
Waste
Serub Column Feed Liquid 60 liters Heavily shielded Poor
container
Scrub Column Aqueous Liguid 55 liters
Discharge
Elecerneell Solvent Feed | Liquid B0 litere
Elcctrocell Aqueous Liquid 16 liters
Discharpe
Plutoniun Puri ficarion Liquid 4D liters
Column f'eed
Plutonium Purification Liquid 5000 liters
Colum Waste
Separations, Plutonium Purification liquid 1% lters 5 gal. container Good _t
Solvent Stream '
Plutvniua Purification Liquid 12 1liters 5 gal. container Good
Aquuous Stream
Plutonium Purification Liquid B liters 2 gal. container Very Good
Solvent Stream .
Pluteniue Puzification Liquid 4 liters 1 gal. container
Aqueaus Stream
Concentrator Product = Liquid 0.75 liters | 12 oz. container
Pu(HO;)
Pu(N()i),‘ Plutonium Product Storage Liquid 0.75 liters | 12 oz, container
Storage Pulitg,
Plutonium , Plutonivm Nitrate l‘u(l‘iOJ)4 Liquid | 0.75 liters | 12 oz. container
Conversion | Feed |
Area | Plutonium Ritrate Prepared | Liquid 1.25 Hrers | 20 oz. contaimer
Feed .
Plutonium Nitrate Preeipi- | Liguld 1.25 Hreers | 20 oz. contaliner
tator Feed R
Plutopium Dxalate Slurry Slurry 4 livers 1 pal. contaimer ] !
Feed to Vacuum Filfer '
Filter Vacuun Filter Filtrate Liquid 40D liters | 2-55 gal. drums '
Vacuun Filier Cake - Semi- 2 liters 1/2 gal. contalner
Pu(C 01)2 solid
cn1c¥n\'r I'roduct I’u02 Salid 0.1 Muers x 2 oz. container Excellent
29
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e Poor - The Pu is associated with a moderate amount
of fission products such that 8" of concrete or 2"
of lead shielding is required to avoid serious
injury to the diverter,

o Good - The Pu is associated with only amall quantities
of fission products such that minimal ghielding is
required. Also the Pu is in a chemical form that
would not require & high degree of sophistication to
convert the Pu to a form useful to the diverter.

o Very Good - The Pu is in a concentrated liquid
form and free of radicactive figsion products.

e Ixcellent - The Pu is in a concentrated solid form.

From the description of the main process streams given
In Table 3 it is apparent that only the decontaminated Pu(NO
Pu(0204)2 and Puo2 streams are of practical use to any but
extremely capable and sophisticated groups of diverters. This
does not mean that the other streams can be neglected in a
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materials control system, as the overall material balance

for the area cannot be assured if the waste streams are
neglected. Direct flow process stream data is not essential
as the SNM input will eventually be collected and measured in
the product receivers. In-process material control may be
useful to reduce the time interval between the input and pro-
duct measurements, thus reducing the time that a diversion may
go undetected. The basic questions to bhe answered ate:

1. Where in the plant can Improved in-process measure-
ments and controls be useful in detecting diversions?

2. Can the in-process material control systems be im-
plemented with current state-of-the-art technology?

J. Will the in-process material comtrol systems improve
the plant production capabilities?
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2.4 PROCESS CONTROL IMPROVEMENTS FOR ACCOUNTABILITY

In this section, descriptions of possible improvements
to the process control system that could enhance the capabili-
ties of the SNM accountability system for detecting diversions
are digcussed, The possible effects on plant operation are also
outlined with each major portion of the plant described in
gome detail.

2.4.1 Receiving and Storage Area Transfer Control

SNM material control is accomplished in the spent
fuel element receiving and storage areas by piece-count control
of the individual fuel element assemblies. The BNFP relies
on shipping documents and operator observation to assure that
the proper fuel elements have been received, unloaded and stored.
Fuel element locations in the storage racks are maintained
using manual input for the inventory records.

Possible Improvement. The storage area crane would be
programned to deliver or retrieve an element assembly automatically
at a definite storage location. Each storage location could be
equipped with a positive device indicating the physical presence
of an element in the location. By combining the information
from the storage crane movements and the slement locators, the
actual physical location of any fuel element could be determined
at any time (offectively real-time piece count inventory).

Available Technolopy. Positive motion stacker-retreiver
systems including hardware and software are commercially available
that can store and retrieve from programmed locations, The avail-
able systems are generally designed specifically for a given set of
storage requirements. The system for an automated transfer crane
operations would require allowances for the radioactive environment
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for this particular operation. Various types of positive loca-
tors (mechanical, sonic, optical) are available for detecting
the presence of a fuel element. These detectors would again re-
quire modificacions for the particular application, Applicable
hardware can be purchased on special order for both operations.

Material Accountability Improvement. From a plant opera-

tional viewpoint, definite knowledge of the location of each fuel
element would be an advantage in assuring that all of the elements
in a given customer's account were in fact processed in the planned
production lot and that no intermixing of lots occurred by aceci-
dent or operator error, These same requirements can be achieved
by carefully performed, inspected and audited manual operations,

From a SNM materials control viewpoint, the knowledge that
the spent fuel element is within the storage area (not necessarily
its actual location) is the important criteria. As a spent fuel
element can not be diverted from the plant without the use of
spent fuel element shipping cask or similar device, diversion
can be readily detected by means wther than direct inventory ob-
servations. The SNM content ol the element is not of vital con~
cern as the SNM will not be inputed to the accountability records
{except as an item entry with calculated values) until the SNM
content is meagured in the accountability tank., WNormal visual
inspection, and inventory records can be used effectively to assure
the presence of the elements in the facility.

Automated storage and retrieval systems with positive iden-
tification of storage locations would mot appreciably improve the
ability of the SNM accountability system to detect or prevent
diversions.

2.4,2 Spent Fuel Shearing

SNM material control at the spent fuel element shear is |
accomplished by piece-count control., The chopped pieces are dis-




charged directly to the dissolver. As the materials at this
station are highly radicactive and are handled remotely behind
heavilly shielded walls, diversion at this point verges on the
jncredible., The normal plant operating procedures can be con-
sidered sufficient for SNM control.

2.4.3 Dissolution, Simmer and Rinse

At the dissolver, there are several main process streams
that have similar characteristics in regard to fission product
activity, These are the dissolver recycle stream, dissolver
rinse stream and the hull rinse stream. These streams are
generated at all three dissolver stations and are mixed continu-
ously in the dissolver head pot. At this point in the process
the SNM has not been entered on & quantitative basis into the
accountability records, therefore detailed knowledge of the SNM
content of these streams is unnecessary from an accountability

viewpoint, From a plant operations position, the uranium concen-
tration in the three streams provides a measure of the efficiency

of the dissolver operations,

The chopped fuel solid hulls are discharged from the dis-
solvers to solid waste, These hulls are monitored for U and
Pu concentration by counting the 144Pr and calculating the

uranium and plutonium concentrations in equilibrium with the
L44
Pr.

The SNM content of the hulls is important to th: overall
SNM accountability system of the separations plant. Although
the solid hulls can not be diverted directly because of their
extreme radioactivity, it is possible that the chemical plant
operators could surreptiously re-rinse the hulls to remove
additional SNM after accountability measurements of the
dissolver product have been made in the accountability tanks
By adding this additional rinse liquor to the feed adjustment
tank, it is possible to gemerate a small but significant "off
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balance sheet" source of SNM for possible diversion at
downstream points.

Re-rinsing capabilities within the plant are essential for
effective plant operations in the event of improper dissolver
operation, Positive plant interlocks at the feed surge tank and
the accountability tank transfer jets to prevent passage of
unassayed dissolver or rinse liquor may be of interest.

Possible Improvement. The steam jet transfer from the
accountability tunk to the feed adjustment tank could be pro-
grammed to permit transfer of the known volume of feed liquor
previously measured in the accountability tank. The steam jet
transfer is normally accomplished by controlling the flow rate
of s:eam to the transfer jet. By adding a mass flow recording
controller to the steam system, it would be possible to have an

independent record of the volume transferred from the accounta-
bility tank. The added instrumentation would not be of direct
benefit to plant operations,

The off-gas ventilation systems for the dissolvers, the
dissolver head-pot, the dissolver transfer station and the :
feed surge tanks are possible sources for "off balance sheet" ;
SNM. During dissolution, simmer and rinse cycles in the dis-
solvers, air sparging is used as aid in mixing the dissolver con-
tents, Excessive sparging can entrain droplets of dissolver solu-
tion containing SNM that are carried into the process vessel off-
gas system (PVOG). Since these operations are carried out up-
stream of the SNM accountability tanks, it is possible that the
SNM contained in these off-gas streams can be recovered surren-

Possible Improvement. The PVOG system knockout pots and
drain sumps in the plant upstream of the accountability tanks could

1
1
titiously during plant clean-up operations. .{
|
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be equipped with level recorder controllers interlocked with the
accountability tank transfer jets to prevent passagze of unassayed
SNM from the ventilation system drains. This additional instru-
mentation would be of no benefit to plant operations.

2.4,4 Separations Plant Head End

The SNM content of each customer's batch of incoming spent
fuel elements is determined by draining down and flushing out the
process units upstream of the accountability tank, The wash liquors
are collected, sampled and analyzed for the SNM content. The SNM
measured during the cleanup is added to the known amount of SNM
processed through the accountability tamk during the the particular
campaign. The total amount of SNM determined is used as the basis
for financial settlement with the customer for the SNM to be re-
covered and for the total amount of SNM considered as input at
the plant for SNM accountability purposes.

The SNM measured at the accountability tank and recovered during
the head-end drain down and flush-out operations is compared with
the amount of SNM estimated to be present from burnup calcula-
tions. This comparison provides a base for the customer to
determine if the amount of SNMM determined at the accountability
tank is reasonable for the lot of elements processed. The account-
ability tank measurements are considered final in :he event of
a descrepancy.

Drain down and cleanout of the front end of the separa-
tions plant occurs every 3 to 6 days depending on the number
of fuel elements contained in a single customer's batch. The
head-end clecnup and SNM sampling procedures require 8 to 16
hours to complete. Shutdown of the remainder of the plant down-
stream of the accountability tanks is prevented by the surge
volume of the feed adjustment tanks and the separations plant
feed tank. As a consequence a complete head-end in-process is
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taken every 5 days on the average. Additional in-process L
controls in the head-end of the plant could not be expected
to improve the SNM control system efficiency.

2.4.5, Solvent Extraction and Product Concentration

The balance of the separations plant from the account-
ability tank through the U and Pu concentrated product tanks i
is treated as a single operational unit and a single MBA, The :
operations performed in the separations portion of the plant
include feed adjustment, feed clarification, U and Pu co-
extraction and primary fission product decontamination, U
and Py partitioning, separate cycles for U and Pu purification
and separate U and Pu product concentration.

In general, in-process flow measurements for the solvent
extraction systems are made indirectly by monitoring the flow of ;
air or steam to the transfer jets. Thus flow rates for the i
individual process streams at various colums are known to within ' ; /
5-10% when using steam jet transfers and to 3% when air jets are ;
employed. The relative inaccuracy of the steam jets is caused by i
the entrainment of steam inte the process liquor during tramsfer *
causing a 3 to 5% dilution of the process stream and because of
the necessity to blow down and drain the steam line when the
tra~sfer is completed to avoid siphoniig radioactive liquids into

the cold portions of the plant,

Steam and air jets are used for the transfer of highly
radioactive liquids within the BNFP because of the simplicity :
of operation. No moving parts are required within the shielded .
process areas, and the steam or air control valves can be located
within the operating galleries. Because of the relatively small
flows of the transfer motive fluid (air or steam), conventional
electronic and pneumatic rotometers are used effectively to control

flow to the transfer jets. |
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2.4.6 Feed Adjustment and Clarification

At the feed adjustment tanks, the nitric acid concentra-
tion is adjusted from 2.7 molar to 2.5 molar to provide a
constant feed for the extraction operations. A centrifuge is
provided for clarifying the extraction column feed stream if
a high concentration of solids is detected in the adjusted feed,
otherwise the feed can be passed directly to the extraction
system feed tank. The slurry from the centrifuge will be dis-
charged to the high level waste system.

The clarified feed is discharged to the extraction system
feed tank (HAF). The surge capacity of this tank is sufficient
to permit the batch operations conducted in the plant head-in to
be converted to continucus operations for the balance of the
separations plant.

The centrifuge will not be required for every transfer made
between the feed adiustment tanks and the HAF. Comsequently it
can be drained down and flushed out periodically to reduce the
holdup inventory for this portion of the plant.

Improved SNM accountability can be determined in this por-
tion of the plant as the draw-down liquid volume of the feed ad-
justment tank could be compared on a real-time basis with the
change in volume at the HAF tank allowing for the known volume
of any waste discharged from the centrifuge and the knowm flow
rate (accurate to about 3%) of the centrifugal contactor makeup
feed stream. This system could be used to provide additional
agsurance of the complete transfer of an adjusted feed batch to
the extraction system,
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2,4,7. Co-extraction and Deconcamination

The clarified feed stream is mixed with the aqueous
stream from the scrub column (HS) on a continuous basis. Prior
to entering the centrifugal contactor, the streams are -
normally combined with a ratio of 2 parts fresh feed to 1
part recycle feed. The mixed feed stream is contacted with an
organic solvent stream in essentially counter-current flow
in a centrifugal contactor (HA). The U and Pu are selectively
extracted from the aqueous phase to the solvent phase. The
major portion of the metallic fission products remain in the
aqueous phase and are processed to waste treatment, together
with approximately 0.2% of the U and g%zof the Pu that entered

the centrifugal contactor.

In the scrub column (HS), the organic solvent stream
containing the U and Pu together with a small portion of the
fission products is contacted with 3 molar nitric acid. This
process provides additional decontamination of fission products
but alo re-extracts approximately 20% of the U and Pu back
into the aqueous phase. The aqueous stream from the HS column
is recycled back to the centrifugal contactor as part of the

contactor feed stream.

During plant startup, a minimum of eight hours operation
is necessary to establish equilibrium conditions with the centri-
fugal contactor and the HS column. When the process is first
initiated, the HS column is filled with fresh nitric acid and
the U, Pu-bearing solvent phase is added to the column. The U-tu
concentrations in the aqueous phase continue to increase as the
counter-current extraction process progresses within the columm.
As the aqueous stream from the HS column constitutes aboat 307%
of the feed to centriiugal contactor, and the contactor in turn
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feeds the HS colusm, equilibrium conditions are achieved only after
the concentrations im both process units become stabilized.

The primary uncertainty in determining the inventory of
SNM within the combination of the contactor and HS column is
associated with the SNM content of the aqueous waste stream
discharged from the centrifugal contactor. This stream con-
tains the bulk of the radiocactive fission products and also
has a Pu concentration of 0.06 g Pu per liter. With an average
flow rate of 17 liters per minute, 1.5 kg Pu are discharged
to waste treatment daily. The wastes are collected and analyzed
for U and Pu content. If the U or Pu concentration is suffi-
ciently high, the waste streams are recycled to the electrocell
for tecovery of additional SKM,

2.4.8, Uranium and Plutonium Partitioning Purification and
Concentration

The U and Pu partitioning purification and concentration
systems are considered as a single operational unit. Referring
to Fig. 4 and 5, it can be seen that recycle streams from sub-
sequent purification solvent extraction cycles for both U and
Pu make up & major portion of the agueous and organic feed
streams to the partitioning electrocell, Equiilibrium concentra-
tions of Pu and U in these units are achieved only after
several hours of operation because of the interaction of the
recycle streams with the primary feed streams.

The electrocell is operated as described in Section 2.1,
with the Pu being stripped from the solvent by a nitric aeid
stream after the Pufa is reduced to Pu+3 by the electrolysis
within the specially designed pulsed partitioning column. The U
and Pu purification cycles consist of repeated interchange
of the SNM from the agueous to solvent phase with the partial
elimination of radioactive fission products with each interchange.

39

caer



The purified aqueous stream from the final purification
extraction column (3PS} is fed directly to the Pu concentrator.
The concentrator bottoms are drawn off continuously into the
product surge tamk, The concentrator feed stream has a Pu con-
centration of about 56 g Pu per liter. The comcentrator
bottoms typically contain 340 g of Pu per liter.

Again, as in the case of the coextraction cycle, the
primary difficulty in maintaining an accurate plutonium inven-
tory within these portions of the plant is the uncertainty
in measuring the plutonium concentration and volumes of the
streams discarded to waste. There are 4 separate waste streams
generated on 4 continuous basis. The two aqueous streams are
from the strip columns (streams 2A and 3A waste). These streams
have a toral flow rate of 35 liters per minute and a Pu concen-
tration of approximately U.06 g of Pu per liter. About
2 Kg of Pu are directed to backcycle treatment daily in the
two aqueous streams. The uncertainty in the measurement of
the Pu concentration of 15% and the volume measurement of 3%
results in an overall uncertainty of about 390 g Pu/day.

The two organic solvent waste streams {2B and 3B) have a
total flow rate of 13 liters per minute and contain trace quanti-
ties of Pu. The limit of detectability for Pu in these streams
is about ,00lg of Pu per liter (1 ppm), If the waste streams
are assumed to be at the limit of detection, then 20 g of Pu would
be assumed to be discarded daily. If the waste streams are
assumed to contain 50% of the detectable limit, then 10 g of Pu
would be assumed to be discarded daily.

2.4,9 Plutonium Nitrate Sampling and Product Storage

The plutonium nitrate is transferred from the product
surge tank to the product sample tank on a batch basis. Each
batch transferred is air sparged for about 8 hours to assure
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adequate mixing before being sampled. This extensive mixing
cycle is necessary because the plutonium nitrate product
sampling tank is constructed with slab geometry with only a
2.25-in. space between the tank sides.

2,4,10 Plutonium Nitrate Storage

The plutonium nitrate is transferred from the plutonium
measurement pot to the plutonium nitrate storage facility,
The storage facility consists of two shielded cells each con-
taining 24 slab tanks. The slab tanks are arranged in
units of six utilizing common trangfer pumps, sample mainfolds,
and plutonium zework manifolds., Each slab tank can be air-
spared for thorough mixing of the tank contents and flushed
with nitric acid,

For material control purposes, each plutonium nitrate slab
tank that is filled will be sealed using tamper-proof seals after
it is verified that the transfer from the plutonium measurement
pot has been completed, The tank seals remain in place until
the solution is transferred to the plutonium conversion process.
Periodic inspections are made to assure that the seals have not
been disturbed.

Pogsible Improvement

The individual storage slab tanks could be mounted on load
cells. As the liquid is drawn dowm in the plutonium product
measuring tank during a transfer, the corresponding weight in-
crease would be noted in storage tank. Periodic checks of the
storage tank, Periodic checks of the storage tank weights
would provide additional assurance that plutopium had not been
withdrawn between inventories.
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2.5 PROCESS CONTROL IMPROVEMENTS (PPF)

The plutenium product facility (PPF) is to be constructed
immediately adjacent to the spent fuel processing separations
facility. The PPF is designed to process 100 kg of Pu0, daily
in two process lines each capable of producing 50 kg of Pu0,
daily. A genmeral description of the plutonium nitrate to plu-
toniun oxide conversion process has been given in Section 2.2,
The process flow diagrams for the overall process are given in
Fig. 6 and the details of the individual process operations
are given in Figs. 7, 8, 9 and 10,

2.5.1 Feed Preparation, Precipitation and Digestion

The plutonium nitrate solution is withdrawn from a selected

slab storage tank in the separations facility and charged into

one of the two feed preparation tanks at the beginning of each
process line, Nitrje acid is added to reduce the Pu concentration
from 350 g Pu per liter to 150 g Pu per liter. Hydroxylamine (HAN)
is added to the solution to reduce the Pu+5 that may be present

to Pu™. The prepared feed is then transferred on a continuous
basis to the preciptiation tank. Oxalic acid is added to the

solution at a controlled rate forming a plutonium oxalate (Pu(C204)2)

slurry. The slurry is permitted to overflow to a set of three
digestion tanks arranged to permit the slurry to cascade from
one digestor to the next, Excess oxalic acid is added to the
solution to assure complete formation of plutonium oxalate.

The flow rates to the precipitator and the digestors are con-
trolled to provide a residence time for the plutonium compounds
of at least one hour within the process umits. '

2.5.2 Filtration, Drying, Calcining, Grinding and Blending

The plutonium oxalate slurry is discharged continually
from the overflow of the final stage digester directly into a
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rotary vacuum drum filter. The filter cake is removed from

the drum by a doctor blade and is fed directly into the electri-
cally heated dryer-calciner. The filtrate is withdrawn through
the axis of the drum filter and is transferred to a polishing
filter for removal of additional Pu(Cy0,),. The filter cake
from the polishing filter is recycled to the rotary drum filter
for plutonium recovery, The clean oxalate solution is concen-
trated and the oxalate destrayed by heating the solution in the
presnce of nitric acid. The overheads are condensed, sampled
for possible plutonium content and transferred to the low level
waste system in the separations plant for treatment and discard.

The tank bottoms are cooled and sampled for possible Pu
content. The solution is transferred to the separations plant
for nitric acid recovery.

The Pu(C,0,), is converted to Pud, in the dryer-calciner
by heating the oxalate to temperatures up to 750°C in air. The
carbon in the oxalate is converted to COZ'

The characteristics of the Puo, formed depend on the size
of crystallites formed during the precipitation and digestion
cycles, the feed rate of the oxalate cake to the dryer-caleiner,
the rate of heating of the cake in the dryer, the depth of cake
in the dryer-calciner and the final temperature reached by the
Pu0, in the caleiner. Proper control of the Pul, physical char-
acteristics, particularly crystallite size and form, is essential
for producing Pu, that can readily be compressed and sintered
into fuel pellets suitable for reactor loading(g).

The calcined Pu0, is discharged from the dryer-calciner into
a continuous screen in which any oversize Pu0, is routed to an
oversize collector and the Pul, product is collected separately.

When the oversize collector is full as determined by 2
load cell, the collector is transferred to a grinding station.
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The collector rotated for several hours, The rolling action is
sufficient for the oversize plutonium oxide powder to be self-
ground to gize. The collector containing the ground Pu0, is trans-
ferred to the feed point of the dryer-calciner amnd the ground
material 1s recycled through the calciner,

The screened product 1s discharged into a separate container
until a load cell indicates that the desired weight of 32 kg
of Pqu has been reached. At this point, the contaimer is dis-
connected from the gureening station by proper action of iso-
lation valves and the container is transferred to the blending
station. The container is rotated for several hours to assure
homogeneity of the Pud,. Homogeneity is checked by counting the
gamma activity at ve~ious peints along the container and com-
pairing the counts obtained at corresponding locationms.

The container is transferred to the loading station where
the PuD, is loaded into four storage containers each containing
8 kg of Pud,. The individual storage containers are lidded,
sealed and the outer surfaces are decontaminated,

Four of the decontaminated storage cans are packed into a
single pressure vessel for storage. The pressure vessel
containing 32 kg of Pud, is in turn lidded, sealed and decon-
taminated, The pressure vessel is transferred to the storage
area.

During the conversion process from oxalate precipitation
through Puo2 screening, the plutonium undergoes chemical and
physical changes that preclude accurate determination of the
plutoniur concentration within the various process units. SNM
control is maintained by measuring the amount of plutonium
charged into the process and the plutonium recovered as Pu0,.
The plutonium discarded to waste from the oxalate filter iu the
filtrate is also measured accurately. Periodically, the process
equipment is flushed out and drained down in order to measure
the amount of plutonium contained within the process equipment,
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Process shutdowms for inventory purposes cause severe
process upsets resulting in relatively large amounts of off-
specification materials. The conversion process is normally
rur on a continuous basis and the flush out process alters
plutonium concentrations and solution volumes, These in turn
affect the residence time of the oxalate cake in the dryer-
caleiner which in turn affects the size of the calcined Puo,
product, Off-size product must then be ground and recycled.

Possible Improvements

The concentration of plutonium within the precipitation
and the digestors could be monitored on a continuous basis by
gamma counting several regions of each tank continuously. When
equilibrium conditions are established after several hours of
operation the gamma activity at fixed points should remain rela-
tively stable. Variations outside normal ranges would provide
an indication of process upsets or possible attempts vo divert
materials from the process.

Similar counting devices could be installed on the dryer-
caleiner with similar results. It may be possible to determine
the actual plutonium inventory within the process units by com-
paring the count data with pluontium content measured after drain
down and flush out procedures carriedout in conjunction with
several normal inventories.

By proper correlation of the data obtained from the load
cells within the screening, blending and container loading op-
erational areas, positive verification can be obtained on the
completeness of each transfer of PuQ,. Real-time inventory
within these areas could be achieved by using positive locators
to indicate the presence of a container at each operating or
storage location. By combining this information with knowledge
of authorized material or container transfers the in-process
inventory could be determined at any time.
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2.6 ANALYTICAL SAMPLING

The separations facility and the plutonium product facility
have upwards of 150 remote sampling stations located in sampling
galleries near the unit operation to be sampled and controlled.
Most of the in-process samples taken are radicactive and are
withdrawn from the process vessel or process line by means of
air lifts arranged as shown in Fig, 11,

In order to draw a sample, the alr lift is activated manu-
ally by a chemical plant operator working from an operating station
adjacent to the sampler. Typically, the sample stream is allowed
to flow through the sample bottle and back to the process vessel
for several minutes before the actual sample is taken. This pre-
caution is necessary to ensure that all traces of the pravious
sample have been flushed from the sampling system,

The sample bottles are sealed, placed in shielded containers,
and properly labeled for transfer to the analytical laboratory,
In some parts of the plant, sample transfers are made using pneu-
matic transfer mechanisms, from sections where transfers are
made infrequently, the samples are delivered manually.

When the samples are received at the analytical laboratory,
the sample identification is recorded. The samples are weighted
to determine the approximate SKM content, the proper entries
made in the SNM accounts for the laboratory MBA, and the samples
are distributed to the proper work stations within the laboratory
for the proper analysis,

Sample sizes vary from milligrams to several grar quantities
depending on the type and number of analyses needed. During an
average day, more than 300 in-process and product samples are
processed, with the amount of contained plutonium exceeding 1000
grams. About 2000 grams of plutonium are expected to be in in-
ventory or in-process within the laboratory at any time. About
5000 grams of plutonium will be held comtinuously in the laboratory
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as nondestructive test samples, standards and reserve samples,
The laboratory total inventory will be on the order of 8 kilograms.

The samples pracessed within the laboratory result in fairly
large volumes of solid and liquid bigh level wastes. These wastes
are analyzed for plutonium and transferred to the proper waste
system for orocessing.

2.7 PROCESS COMPONENT ALTERNATIVES

There are several alternatives to the process equipment
selected for the reference plant. The general impact of the al-
ternatives on the safeguards system have been considered and a
summary of these cenditions is given in Table 4,

Tritium and krypton are two radioactive substances that ave
released from the reprocessing plant in a gaseous form. One
method that has been proposed for removing these contaminants
is to heat the pieces of the sheared fuel elements to 700°C
in a rotary kiln or other suitable device prior to charging the
dissolver. If the spent fuel is heated in the absence of a large
gas stream, the tritium and krypton driven off will be in a rel-
atively concentrated form, thereby simplifying later immobilization
or recovery steps. Existing reprocessing facilities were not
designed considering this process operation and no provisions
have been mad» for instzlling che necessary equipment, The
process has not yet been demonstrated to operate raliably in
a radioactive environment limiting possible application to
future plants,
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TABLE 4,

PROCESS ALTERMNATIVES

PROCESS ALTERNATIVE

PURPOSE

EQUIPMENT DESCRIPTION

LOCATION

SAFEGUARDS
IHMPLICATION

TECHNICAL
CONSTIDERATIONS

InscallVoloxidatiaJ
Process Equipment

Substitute a Pulse
Colurm for the
Centrifugal
ContacLor

Eliminace
Centrifuge

Substicute a Con-
ventional Pulse
Column for the
Electric Cell Par-
titioning Unit

Substiture another
dewatering device
for the Oxalate
Retary Drum

Filier

Permit partia)
recovery

of tricium
and

krypcon

Use pulse
column for prig
mary Eission
productc decon-
tamination
device

Eliminate need
for a mechani-
cal device in
highly radio-
active envi-
ronmenc

Use chemicgls
for the Pu &
Lo Put3 reduc-
tion rarcher
than elec-
trolysis

Develop a
more reliable

means for
oxalate
drying

High temperature con-
tinously ovnerated
rotary kiln (700 C)

Pulse column .ray be
more reliable than a
centrifugal contacter
as a unit operation

Solids clarification
is @ requircment be-
tween the dissoclver
& the cencrifugal
contactor. May not
be necessary ahead
of a pulse column
vused for primary
fission product
decontamination

Pulse calumns may be
more reliable for
partitioning than a
clectrocell

Exxon Nuclear has
proposed a
Proprietary unir
for this operation

Berween shear &
dissolver

Between dissolver
& partitioning
cotumn

Between primary
fissjion product
decontamination &
U and Pu purifica-
tion sysctems

Between the oxalate
digester and the
calcirne

Installaction would create
a large in-process inven-
tory ¢f SSHM between the
shear item contrel station
& the accountabilicy rank.
Traces of Pu & U in kiln
nff-gas

Larger in-process inven-
cory at primary decon-
tamination station

Eliminate thc separate
waste stream frem the
centrifugs

Additional chemicals in
the high level waste
sEtreams

May reduce
in-process inventory
at drying operaltion

Process has not been dem-
jonsrrated for reliabil-
iry in radiocactive enwvi-
ronment

Increased contact time
between solvent & high
actlvity fission producr
atream causes addicional
solvent degradation

Pulse columms have been
operated wizh a2 heavy
solids content in the
aqueous stream but not

in the extremely radio-
active environment of the
fluid stage contacctor

Electracell cell eli-
minﬁ:es the_need for
Puté to Put3 chemical
reductants

Rotary drum filters

are cthe only devices
thar bave been used

tar dewatering on a

pilot basis for

Pu (C,0.),




The installation of the process as presently contemplated
would significantly increase the quantity of SSNM between the
item control receiving station and the accountability tank.

If a pulse column is substituted for the centrifugal
contactor as the unit for primary fission product decontaminatjon,
it may be possible to eliminate the centrifuge as a means for )
removing solids from the feed stream to the column, Pulse
colunns in the Fernald plant have operated successfully with
aqueous feed streams containing up to 1% solids. Operations
of this type have not been demonstrated in a highly radicactive
environment or when solvent degradation by radiation effects
is a serious problem, By using a centrifuge and a centrifugal
contacter, the SSNM in-process inventory at the decontamination,
operations is less than would be the case if a pulse column
were used for this purpose. An additional waste stream is
created, however, in the form of the slurry from the centrifuge.
The effect of this waste stream on the total volume of waste
is offset by the smaller quantity of degraded solvent that
results from the use of the high speed, small contact time centri-
fugal contactor,

The reference process flow sheet is based on using electroly-
sis for reducing the valence of Pu+A to Pu+3. This unit opera-
tion can also be accomplished by the addition of a chemjical reduc-
tant such as ferrous sulfamate, the technigue used in the Purex
plant at Hanford. The elimination of a chemical reductant by
the electrocell process reduces the volume of the aqueous

streams discharged to waste,

In the conversion plant, a rotary drum filter has been se-
lacted as the primary unit for dewatering the plutonium oxalate
slurry from the digesters, Exxon Nuclear has proposed another
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form of dewatering unit that, at this time, is considered pro- |
: o prietary, It is expected that the proposed unit will be more f
P reliable than the drum filter that has been the conventional 1
equipment selection for this operation, If another process i
unit can be operated successfully, then the rework stream i
volume created by equipment malfunctions at this station may : %“

be decreased,

2.8 MEASUREMENTS AND INSTRUMENTATION

The measurements that are to be performed in the Barnwell
plant of Allied-General Nuclear Services can be grossly charac-
terized as predominantly contributing to process control and
to the operational safety of the process. Only a relatively :
small number of instruments/measurements are designed primarily y
to provide special nuclear material accountability data points, 3?
The actual concentrations of Pu or U for example, are measured {

off-line via destructive analytical techniques. Measurements P
that could contribute to a determination of Inprocess inven- 3
tories or in-process flow rates of Pu are in general indirect
measurements -- that may measure. for example, the air flow

rate that is used to lift the Pu-containing stream from ome s
tank to another., There are measurements, on-line, that k
directly depend on some physical property of Pu; however, they s

are qualitative in nature since the detector may respond to
other nonfissile material sources or the system may not be
. calibratable dn térms of grams of Pu per liter of solution.

Certain portions of the process are controlled auto-
matically, i.e., sensors are used to control valves without
the intervention of an operator. However, in most places in
the separations area, for example, the operator can intervene
in the normal flow of material. A gross characterization of
the process is that it is remotely controlled but not automatic.

The description of the measurements and instruments that
follow are limited to measurements of Pu or to material that
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may contain Pu, The order of presentation is dependent

on the process flow from the head end of the gseparations
area to the final load out of the Pu02 at the end of the
conversion area,

2,8,1SEPARATIONS AREA

In-line measurements on process tanks in the separations
area are ligted in Tabi.. 5. The table is ordered according
to the process operation, the measurements that are made at the
specific tanks, the indicator location (local, pamel, or contrel
room), the type of indication that is wade, and finally whether
the measurement actuates an automatic control mechanism.

As the table clearly indicates the minimum instrumentation
for most tanks (that are not pulse columns) is a level/density
indicator and temperature indicators. Level and density are
monitored by use of an air bubble system. A schematiec illustra-
tion is shown in Fig. 12. The U-tube manometer for accountability
points has a readout capability of 0.01 inches with a +0.735% pre-
cision for all recorders. The tank volume is calibrated by
use of the weight tank calibration method where accurately weighted
increments of water are added to the vessel to be calibrated.
Liquid depth is recorded for each increment. Temperature correc-
tions for both the water and manometer fluid are made. The preci-
sion and the basis of a calibration and of subsequent volume
measurements depend on the techniques and the instruments used,
& volume of solution in a 5,000-gal process tank can be measured
to within +0.22% from a single calibrarion'!®, additional calibra-
tions made over the operating lifetime of the tank can improve
upon this considerably, pessibly by a factor of 10 or more.
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TABLE 5.
TH-LIME MEASURTHENTS FOR REPROCLESSING PLANT
Indicator :
Proness Doeraticn Measuramont Senseor Lucabion Location Indicntion Lontrol
1. Dbissolution Level Dissolver Tanle Panel Recording o
Density No
Pressure
(28} No
Tewperature Steam on pcison H,O
' heoater -
Level Dissolver Traasfcr Tank Panel Recording Air 1ift to feed surge z
cank -
Deausity Steam jet transfer
from dissclver racycle
. Temparature Ho . "
2. Feecd Preparation ‘Level Feed Surge Tank Panel Recording No
Density No -
Taempoerature qo
wn Level Accouvntabilicy Tank Panel Racording o
w Density No
Temperature Ho
Lavel local Indicating No
Density No N
Level Feed Adjustment Tanks Panel Recording No
Density No
Temperature No
Level Cencrifuge Panel Indicacing Yo
Radiation H
(v Recording No :

e e e
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TABLE 5 (Cont)

IN-LINE MEASUREMENTS FOR REPROCESSING PLANT

w
L 4.

ST

. Indicator
Pracess Opetvation Measurcment Sensor Location Location Indication Control
3. Cec-Decontamination | Level A Feed Tank Panel Receording No
Jensity Mo
Temperzture Noa
Temperature | Centrifugal Contactor
Inpur and Output
Lines * Panel Recording No
Temperature |Organic Feed Line Panel Recording Steanm to in-line
to HS Column heat exchanger
Weight
- (level) HS Colunn Pancl Recording Mo
Noutivon HS Column Control Recording o
Room
Level 1S Column {(top) Panel Indicator No
Density Recording No
TLevel 1S Column (bottom) Recording Aquaous reecycle to
’ centrifupzl contcoctor
Partitioning Radiation Organic Line from HS Panel Recording Ho
(8Y) Column to Electrozell
Temperature No
Level IBX Electrocecll Indicator Ko
Dansity Recording No
Weizhe No
(level)
Level Aqueous recyele from
IB(x) column to
electrocell
Tenmperature | Organic and Aqueocus Recording No
Cutput Lines from
Electrocell .
o 121 ¢ [ ] - &
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TABLE 5 (Cont)
IN~LIME MEASURCMENTS FOR REPROCESSING PLANT
. Indicator
Procass Oncration Measvrement Sensor Location Location Indication Contrel
4. Parrivieniap Analycical Pu Stream from Electro- Panel Recording No
(Continucd) (Pu ¥ cell .
Flow Aqueocus Pu stream fxrom
— elestrecsll
Density IBX Column (top) Panel Recording RE
Level . Indicator Mo
Lavel Rzcovding Aqueous foed
Analyeical IBX Column Recording Ho
{ncusron)
Height No
5. Plutonium Temperature |IBP Surge Tank Feedline Pinel Indicatoxr Steam to in-line hecater
Purificgtion for feced to suvge
tanlk
Analytieal IRP? Surga Tank Panel Recording " Ko
(N0, -
Daunsity’ No
Level - Ne
Temperature |Line fram Surge Tank to o
24 Column
Dansity 2A Column (ctop) Panel Recoxrding Ne .
Weigho 24 Column No
(icvel)
Level 2A Column Pancl Recording Aqueous waste flow
Analytical 2A Waste Stream Mo
(Puy)




TABLE 5 (Cont)

IN-LINE MEASUREMENTS FOR REPROCESSING PLANT

9%

) Indicator
Process Cperation Measurement Sensoxr, Location Lecation Indication .. _Contxol _
5. Plutoniwm Lovel 2B Colurnt (top) Panel Indicator Ko
Purificarion Pensitcy Recording No
(Continuecd) Analytical o
(Puy) .
Level Aqueosus flow to 3A
. co Lunm,

Weipght 2B Column (bottom)

Teuwperature {Line from 2B to 3A Panel Indicator Steam to heat cxchanger
fer zgqueous flow
2B tc 3A

. Level 3A Column (top) Panel ‘Indicacor No

Density Recoxding No

Temperature bo

Weight 3A Colum (bottom) Aquecous 3A waste

{lcvel) srream

Axalytical 3A Wasege Linc No

(Puy) I B L

Dansicy 30 Column {(top) Panel Recerding o

Lavel Indicator No

Analytical Recording No

(Puy)

Level Aqucous flow from 3B
to diluent wash
column

Weight 38 Celumn (bottom) No

R.Edi?tion Agqueous Line from 3B FPanel Na
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B TABLE 5 (Cont)
IN-LINE MEASUREMERTS FOR REPROCESSING PLANT
TTTTTT T T T T Indicatoxr )
_Process Operacion Measyroment Senser Location Location Indication Concxel -
5. Plutcnium Density Diluent Wash Column Pancl Recoxrding Ro
Murification rop)
{Continucd) Lavel Indicator No
Weight Diluent Wash Colunn Recording Ro
(bottom)
Level Aquous flow to
' coneentrator
Pressure Pu Conecentrator Panel Rececording No
(gas)
Level No
Temperatura tlo
Density . Steam to rcboiler
Level Pu Product Gatch Tank Pancl Reecording Ha
Densicy No
Temperagure No
bt Level Pu Product Sample Panel Recording No
Tank
Density No
Temperature HNo
lLevel Pu Produect Storansc Panel Recording No
Tank
Density o
Temperature No
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Figure 12. Level/Density and Temperature Schematic
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Thermocouples to measure process temperatures are
made of chromel-alumel because of its long-term stability
and resigstance to corrosion. The thermocouples will be calibra-
ted against a platinum, platinum-rhodium thermecouple or a
precision thermometer using a stirred heated oil bath. A pre-
cision of +1,5°C can be obtained.

The in-line density measurements as shown in Fig, 12 are
measured by the pnoumatic "bubbler" system. This density measure-
ment is dependent on the probe separation distance which is known
to +1/64 inch. In addition, the in-line density measurements
can be cross-calibrated with the more accurate off-line density
measurcments that are made on samples sent to the analytical
laboratory.

In addition to the in-line instrumentation on the process
vessels there are a number of in-line process monitors that
are used to supplement the laboratory analysis and facilitate
a timely process control. The in-line monitors are calibrated
routinely by adjusting instrument readings to correspond with
analyzed laboratory samples. There are six types of in-line
radiation monitors and two types of nonradiation in-line monitors.
All of these monitors are briefly discussed below for completeness
even though their location may be outside the main plutonium
process Or waste streams.

Recycle Water Monitors

Function: Meagures radicactive contamination in process con-
densate from concentrators

Detector: 3x3 inch Nal with single channel analyzer
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Process
Location

Acid Fractionator
Accumulator

General Purpose
Distillate Receiver

Stream

Compogition

Water and Trace
HNOa

Water and Trace
HN03

Service Concentration Waste Water

Feed Tank
IUD/2UD Surge Tank

Water and Trace
HN03

In-Line Gamma Monitors

Expected Activigy
(photons/sec-cm”)

121
77
4x10”2

29

Function:
Detector:
General Location§
Process

Location

2 EU Line

J BP Line

Uranium Product

No. 1 Solvent Feed

Indicates total or specific fission product
activity in process lines

Nal with single channel analyzer, recorder
and alarm

In small analyzer cell in sample analytical

cells
Activity Expected ActiviE
Monitored (photons/gec-cm §
low Gamma in 166
Uranyl Nitrate
Low Gamma in Pu 7.5
Nitrate
Low Gamma in 75
Uranyl Nitrate
Low Gamma in 2.1&x103
Solvent
Medium Gamma in 1,28x10°

HSP Line

Solvent
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In-Line Alpha Monitor

Function: Measures total alpha activity in process
streams
Detector: Thin cerium~activated Vycor glass

scintallators with electronics for
gy suppression

General Location: In sample analytical cells

Expected Pu

Procegs Stream Concengration Other Activity
Location Composition _ (g/liter) (Photons/sec-cm™)
1CULine Pu (inUand  1x10°% 2.6 % 10°
Solvent)
1 BP Line Pu (in HNO,) 1 1.7 x 108
2 W Line Pu (in HNO;) 4 x 107 1.1 x 10°
3 B Line Pu (in Solvent) 1 x 1073 .16
1 SW Line Pu (in HNOy) 2 x 1074 2.85 x 10
L SF Tank Pu (ia HNO) 5 x 107 2.85 x 12
POR Line  Pu (in Solvent) 1.7x 107 95
2 BW Line Pu (in Solvent) 1.4x 1072 173
3 AW Line Pu (in HNOp) 1.5 x 107 1.08 x 10°
3 0D KC Pot Pu (in weak 7 x 107 .05
HNO,)

Neutron Monitors

Function: Measures total neutrons from spontaneous
fissions and (a,n) reactions

Detector: 105 proportional counters with detection
sensitivity of 30 counts/sec per unit
neutron flux

General Location: Removable mount on pulse column
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Process Activity ‘

Location Monitored Remarks

1B Electropulse Neutrons with medium  Shielded from gamma ‘
Column gamma activity |
HS Column Neutrons with medium  Shielded from gamma |

gamma activity

Nuclear Poilson Concentration Monitors

General Location: Leached hull area in RMSC

f Function: Monitors GA(NO )3 concentration in dissovlver
g feed solution
; Detectors: Neutron detector with Pu-Be neutron scurce
: mounted for transmission measurements
} General Location: In tanks
CGamma
Prccess Activity Backgiound
Location Monitored Detector (y/cn-sec)
3eal Solution  GA(NO,) 10g 121
Makeup Tank AConcegt;ation
Dissolver Gd(NOa) U Fission 5.5 x ID7
Acid Concentgation Chamber
Leached Hull Monitor , ;
Function: Determines comglzteness of fuel dissolution § :
by monitoring *%Pr content remaining in F
fuel hulls :
Detector: 4"x5" Nal with Pb filer (15 cm) .

Nitrate Monitor

Function: Determines if surplus of sgdium nitrite ; :
to insure oxidation of Pu® L
| :
Detector: Calorimeter which measures amount of N0, in L 4
air stream after passing through process
liquid
Locations: iBP and 1SF streams :
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Urznium Colorimetric Analyzer

Function: Measures color of uranyl nitrate

Detector: Same a4s Nitrate monitor

2.8,2 Analytical Measurements

The accountability of the input and output streams is
analytically determined from samples brought to the laboratory.
The quality of processing and cecontamination and percentage
loss to waste is also determined by laboratory analysis of
samples and supplemented by in-line measurements.

A remote sampler schematic is shown in Fig. 11. The sche-
matic illustrates the use of indirect indicators for flow measure-
ments, FL is a rotometer on the air that is used to transport
the solution to the needle block through the sample hottle
and back to the process vessel. Typically, a vessel will be
air sparged and the solution will be circulated through the
system for g staristically determined period of time. Although
it is very difficult to determine a quantitative systematic
bias in sampling there are known sources of error due to:

1. concentration or dilution by the air lift used
to transport the sample to the sampie port,

2. incomplete mixing in the tank,
3. dirty sample limes,
4. presence of solids.

Before samples are analytically processed, replicate samples
are checked for demsity and compared with tank density, For
liquid wastes roughly 5 to 10% of the Pu could be in & solid form.
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DENSITY (ANTON-PAAR DMA 10 DENSIMETER)

Using this Densimeter the density of a homogeneous liquid
sample can be measured to a precision of + 0.0003 mg/l. The
densimeter measures the change in resonant frequency of a hollow
mechanical oscillator (volume 0.6 ml) when filled with sub-
stances of different mass. The densirty of the material in the
oscillator is determined by the following equation

= 2 "y
Psample ~ PH,0 *A (Toample *HZO)
when
p = density
A = instrument constant
T = period of oscillation

INPUT PLUTONIUM GONCENTRATION

The input Pu concentration and isotopes are measured by
an Isotopic Dilution Mass Spectrometry Technique(lo), Measurement
is based on spiking an aliquot of a sample with a known amount
of 242Pu. The spiked and unspiked samples are analyzed by a
mass spectrometer. The Pu accuracy for LWR fuel is expected
to be between 0.5 and 1%. Other techniques are more accurate
however, they require more handling which make them unfeasible
in a production plant reprocessing high burnup LWR fuel.

PRODUCT PLUTONIUM ANALYSIS

Output plutonium produce is measured via an oxidation-
reduction amperometric end-point detection method. The Pu in
0.5 (NHZ)Z 80, solution is oxidized to the hexavalent state with
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Ag(1I) oxide. Excess oxidant is destroyed by heating, The
solution is made 5 N in H,80, and the Pu(VI) is titrated with
standard ferrous ammoniuvm sulfate solution, The end point

is detected amperometrically by weasuring the current generated
by excess titrant at a rotating platinum microelectrode vs, a
saturated mercurous sulfate electrode,

HIGH LEVEL LIQUID WASTE

High level liquid waste will be sampled and measured via
Isotopic Dilution Mass Spactrometry, Low Pu concentration levels
of waste will be wmeasured via alpha counting techniques. Generally,
this will require a pretreatment step to separate the Pu from
the other alpha emitters. In addition, the total solid content
of the sample must be limited to {(less than 30 mg/cmz) to pre-
vent excessive self absorption.

2.8.3 Plutonium Nitrate Storage Area

The slab storage tanks have the usual vessel instrumentation
of level/density and temperature. In additior, each tank may be
sampled for analytical analysis. Since no processing is involved
in this area outside of wet blending, no other imstrumentation
s necessary besides flow monitors,

2.8.4 Plutonium Conversion Area

The detailed design of the Allied-General Nuclear Services
Plutonium Conversion Facility at Barnwell, South Carolina, has
not been completed. A preliminary safety analysis report has
been submitted and has been accepted by the NRC for review;
however, a construction permit has no: been issued. Because of
the incompleteness in design, a discussion of instrumentation
1s somewhat speculative.
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Since the oxalate precipitation conversion process is
relatively simple with stable reactant~ and products, the
required process control instrumentation is minimal. The Pu
nitrate feed is adjusted to the proper concentration (preliminary
design was 150g Pu/liter, more recent Hanford results suggest

a concentration of 200g Pu/liter) and the nitrie acid is 3 molar, .

Hydroxylamine nitrate is added for Pu valence control. The
feed preparation vessels have the usual level/density and tem-
perature instrumentation.

The adjusted feed is fed continuously from the wet cell to
the precipitation vessel where 1 molar oxalic acid is introduced.
The remaining precipitation-digester, filter, and calcining is
continuous with temperature control and flow rate the important
process control variables, Provisions are included on all the
precipitator-digestor vessels for adding oxalic acid if needed.

The oxalate filtrate feed line to the concentrator will
have in-line alpha monitors (see Fig. 10 on Filtrate Treatment
System). The return lines of the acid cooling and heating
system will also have either in-line alpha monitors or adjacent-
to-line radiation monitors. Controls, recorder, and alarms
will be located in the conversion control room area.

The output of the calciner goes into a blender body or for
oversized particles into a grinder body. Both of these containers
are on load cells as shown in Fig. 9. These containers also may
be sampled for laboratory analysis.

After blending the Pu0, is loaded into 8kg containers, de-
contaminated and weighted and then loaded into the storage vessel.
This thick walled vessel holds & Pu02 containers which are
sealed inside for storage and subsequent shipment in an overpeak.
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2.3.5 Golid Waste Assay System

The present intent at AGNS is to place solid general process
trash that is generated throughout the Barnwell Facility in 535
gallon drums and process these drums through a central drum acsay
facility., Each drum is to be scanned for total and fissile U
and Pu content. To accommodate the expected high throughput
(6000 drums per year from the separations and Pu product
facility) coupled with an unknown matrix material and potentially
relatively high background activity, a variety of detection
approaches will be used. These include passive gamma measure-
ments for 235U, 238U, and 239Pu, passive neutron measurements
for 240Pu and active neutron measuraments using a 2520f neutron
source to determine the total fissile content in the drum. Pre-
liminary tests indicate that approximataly 0.25g .otal fiseile,
0.26g 239Pu, 0.05g 240py ang 100g 238, can be measured under
various detection conditions with a precision of 50% relative
standard deviation. The complete assay system will be computer-
ized so that drum movement, data-taking, attenuation-correction

and final output are automatic,
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3. MEASUREMENTS AND INSTRUMENTATION FOR REPROCRESSING PLANTS

This section is divided into four parts with the first
three deseribing general techniques that have been utilized
or may be utilized in a separations and conversion facility,
These techniques and instrumentations are classified under
Laboratory Techniques, Nondestructive Assay and Process In-
strumentation. Obviously, there is some overlap in the class-
ifications, Weighing, for example, is certainly used in the
laboratory as well as part of the process instrumentation. We
have arbitrarily included all of the weighing discussion in
the Process Instrumentation Section (3.3). The last part of
this sectlion is an initial set of techniques and/or instruments
that might be uséd in a Purex separation, oxalate precipitation
conversion facility, Basically, this initial set includes
techniques or instruments that are planned for the AGNS facility
at Barnwell with some additional instrumentation that primarily
serves only Safeguards interests.

3.1 LABORATORY TECHNIQUES

The methods described in this section as '"Laboratory Tech-
niques” are defined to be those techniques or measurements that
are conducted on samples drawn from the process lines or storage
areas and removed to a centralized laboratory area for analysis.
Obviously, some of the techniques utilized in the laboratory
area are also amenable to on-line or process area operation
and are nondestructive in application. Comgequently, there
are overlaps in the employment of a generic method so that an
ambiguity often exists between the terms analytic method and
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nondestructive assay (NDA) or destructive assay versus NDA.

We discuss here those techniques that satisfy the above sam-
pling and removal definition, In practice the laboratory tech-
niques often utilize different hardware or procedures compared
to that utilized for the same method applied at a process line
or area. Typically, the laboratory techniques yield more
accurate results since the measurement is likely to be con-
ducted in a more controlled environment,

Laboratory techniques incorporates thoge techniques that
may require a pretreatment before transporting to the labora-
tory area, This includes radioactivity hot process samples
that have to be separated from the rission products prior to
the laboratory analysis and unstable material such as PuD2
fromthe conversion line that should be weighed and possibly
stabilized before further handling.

The discussion will be limited to the techniques that di-
rectly measure, or can be related to the plutonium content,
Any required pretreatment steps or other supportive chemistry,
are assumed to be part of the technique, but will not be dis-
cussed explicitly in detail, This includes such steps as an

anion-exchange clean-up before assaycll). If however, this specific

treatment is required hefore the laboratory analysis, the time
required to effect a separation is relatively lengthy (approxi-
mately 16 hours for a complete procedure) and must be included

in any consideration of the timeliness of the laboratory analysis.

3.1.1 Measurement Control Program

An assessment of the accuracy of plutonium measurements
naturally involves a detailed analysis of the technique and
hardware utilized. However, an equally important part of any
assessment is an evaluation of the laboratory measurement control
program.

69




An effective measurement control program includes a for-
malized procedure for qualifying laboratory analysts(lz) and
for providing a continuing quality assurance of the various
laboratory techniques utilized and the analysts performing
them, For example, every technique has a written procedure
that must be followed. In addition, a non-negligible fraction
of the laboratory workload (=5%) includes the analysis of
standard sulutions(13). Another fraction of the workload in-
cludes the analysis of referee samples by different analysts é
on different shifts. In addition, replicate samples may T
be recycled into the laboratory at later time periods. These
checks and others are vital te maintain, and if possible, im-
prove the precision and accuracy of the laboratory measurement
program, Without an effective measurement contrel program,
the most accurate laboratory technique is practically worthless.

3.1,2 Standards

All laboratory techniques have a calibration based on or
traceable to National Bureau of Standards Certified Reference
Material, The primary metal standard CRMY49 has a certified Pu
assay to within an uncertainty of +0.06% at the 95 percent
confidence level, The Certified Reference Material sets the
limit for the ultimate absolute accuracy claimed for any lab-
oratory technique, Table 6 1ists the available NBS Plutonium
Certified Reference Material. We have listed the certified
istopic content of CRM948 as an example, These values must be
corrected for the 14,8 year half-life of 2*1pu,

CRM949 is a well characterized Pu metal material that is
widely used to calibrate assay methods(la). CEM944 is a stoich-
matic material suitable for preparation of low concentration G
working assay solutions., CRM%45 is a Pu metal that was prepared
primarily for emission spectrochemical impurity standards.
CRM's 946, 947, and 948 are isotopic standards that should be
chosen to be nearest to the fuel cycle material being measured. ﬁ;
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TABLE 6 NBS PLUTONIUM CERTIFIED REFERENCE MATERIAL

gg; Type Certified For Value Comments

949 Pu Metal Pu Content 99.,99% Pu ~37 240Pu

944 PusSo,, - 4H,0 Pu Content 47.50% Pu ~62 240py

945 Pu Metal Impurities, Pu Content 99.9 % Pu ~67 240py

946 Pu504-4H20 Isotopic Abundance ~12% 240p, &7, 241Pu

947 Pu504-4H20 Isotopic Atundance . 18% 240p, ~nG 57 2"lPu

948 PuSOa-QHZO Isotopic Abundance 238Pu 239Pu 240Pu 2l"lPu* zthu
0.011 91.477 7.910 0.569 0.0330
+.001 +0.010 +0.010 +.002 +.0003
Atomic percent uncertainty at 957

*
must correct for decay

confidence ivel
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3,1, Sampling

Accurate analysis by a laboratory technique requires
that a sample be representative of the material from which
it was ..awn. In the separations area of a reprocessing plant
where Pu is in solution, recirculation samples are primarily
employed. In most cases, the samplers are comnected to ' G
vessels that contain air sparging units to mix the vessel
contents prior to sampling or transfer. For sampling, it is
important for the air sparging to be on long enocugh to insure
homogeneity. This is particularly true in eritically safe slab
tanks where the vesgel width is only 2% inches wide. Strati-
fication of solutions 1g one problem that can be overcome by
thorough mixing; another problem with obtaining a representa-
tive sample may be the presence of polymers or precipitates, w
Polymers will not form in solutions where nitric acid concen-
tration is greater than 4M. If the acid conceutration is
less than 4M the solution should be checked for polymers,
Precipitates, if found, should be redissolved inte solutiom. W
The uncertainty, at one standard deviation, for sampling of in-
put solutions is thought to range from 0.1 zo 0.3%(152

£3

Sampling Pul, powder and subsequent handling of the sample
requires somewhat more care than for Pu(N03)4 samples. Pu02,
when calcined at temperatures lower than approximately 1200°,
is hygroscopic and must be handled in a controlled atmosphere.
U,8, NRC Regulatory Guide 5.6 recommends the atmesphere contain
less than 10 ppm of H,0. Besides the hygroscopic problem it
is difficult to grab a truly random sample of solid material.
When the capability for blending or hemogenizing the material
exists along with a controlled atmosphere the sampling error
(lo) should be less than .3%, If this is not the case, the
sampling may range much higher. Reference 15 gives a range
between .5 and 1%.

o
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3.1.4 Techniques

In Table 7 a comprehensive 1list of laboratory techniques
employed on Pu bearing material is given. All of these tech-
niques have been utilized in the U.S, or foreign laboratories
to analyze Pu materials. Some techniques are, of course, more
popular than others, The specific techniques used at a given
laboratory may depend on the plant facility, its capabilities
and available hardware.

As wentioned above, laboratery techniques are primarily
employed in a controlled environment to achieve a maximum
accuracy, However, the sampling and analysis techniques often
require significant amounts of time. Since most material account-
ability systems rely on laboratory techniques the timeliness
of the laboratory technique can be important,

For example, if a sample requires an anion-exchange clean-
up prior to assay, this procedure could take up to 16 hours.
The mass spectrometry operation is expected to take 1-2 hour
sample preparation % hour for transfer and 2 hours for amalyais
of U and Pu. Reference llestimates that a complete controlled
potential coulometry or amperometric titration procedure inelud-
ing measuring replicate samples and standards requires 4 to 6
hours, These times all assume no backlog of samples that might
require a waiting period for an analyst and/or hardware.

3.1.5 Automation of Laboratory Techniques

Because of the time problem and because of economic con-
siderations, the trend in recent years has been to automate
laboratory techniques, This has safeguards implications beyond
any increase in timeliness due to the lessening of manual
operations and hopefully, lowering the material assessability,
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TABLE 7., LABORATORY TECHNIQUES
W ASUREMENT INTERFERENCES CALIRRAT [ON SERSITIVITY LABORATORY PRODUCTION
I TID PRINCIPLE APPLICABILITY OR LIMITATIOHS TYPE TREQUENCY FaNGE {mg Pujl RELIABILITY (1) | ~CCURACY (in) COMENTS
1. Isotape Sample aliguot spiked with] Pu bearing solutions | lons of same mfe KBS certified Each Day Min 0.0 0.20-0.40% 0.73 Method of choice for Input
Jilutlirn "“E‘m amount of ¢3¢Pu or and subsiances 238py and zﬁu reference material {0.2-32) accountability solutions
Mass Spectrometey| 298pu.  Spiked and un- 1oy ond 241 m isotupic estimate Suf table commercial
spiked samples analyred by 5% 2n spectrometer Muclide
mass spectrorciry. Fpy + 0.1 {Srace <ollege, F3)
240p, . p.5.. Model 12-8G-5u or 12-90-35
281py ¥ 1.5
2a2py ¥ 1-10¢
2. Controllea Pu (I¥) reduced to Pu Pu metal, oxide, 1f Pu{¥l) 15 likely | {hemical Beqinning, 5-10 0.05-0.1% 0.25% Could be uysed for dissolver
Potential {111) in en electrolyte mixed oxide and tu be present then middle ard {.1 to .53} |soiutions ar for product
Coul gmetry at a Pt electrode main- nitrate solutions clecirol yte of end of each solutions §f Fe impurities
tained at constant po- choice is .5 M R shift <1000 ppm
tential versus o satur- n?soq
ued):alonz(l electroda 1
{SCE). Pu{1l1) then . - Commercial gquipment avail-
oxidized to PullV) ot a E;n; !00 ppm of Pu. Electrical At least able MI Electronics (9.
* ectians tan be ewery 6 mos
different constant poteu- made for 10D - Fe
tial wersus the SCE. " =
¥ 1600 ppm of Py
Quantity of Pu calculated Ko free fluoride
from number of caulomhs ¢ “
required for oxidation.
3. Ampurometric Pu pxidized to PulVI) Pu metal, solutions Interference caused | Chonical Beginning, middlel 5-2p 0.05-0.1% 0.23 Dther titrametric metheds
Titretion with with AS tn sulfuric oxide. carbide miaed | by ions oxidized and era of gach {0.06=-.5%) available. Most reguire
Fell1) acid saiution. Extess Batde and mixed by Ag0 and later smft larger smouits of Py. Some
oxidant is destroyed by carbide reduced by ferrous utilize patentiometric end-
heating. Titrant {FE 11) sulfate in sul furic point determination,
added yntil endpoint acid,
enceeded. Tra current Parts available commercially
fFlow abserved batween Ce, &ry Mn, ¥ Electrical At least every such at precision micrometer,
twe electrodes at con- corrections possiblel rutating Pt micraelectrnde.
stant potential is pro- if = - 200 ppm Titrant nust be checled tre-
partional to extcess Américium may c2use quently for air oaization uf
titrant added. on interfaronce Fe(ltl)
4, Gensity The change tn the roso- howageseaus |-aoad Ho precipiraten TaoaeLt. furery, - LNl urd .- Air and water uskd a5 sTANAArd:
naat freguence v1 a serples solidy sPECYSications
holiow nechanical oscil- Aubilablé comercially
lavion {¥ tube) is Arcon-Paar DMA 10 Tensimeter
measured. -
5. Alpha- Alpna particies arg All zamples of Py Any alpha emitting Py standard darly n"?u range | depends .n -2 Method of choice for 238p,
Spectrometry counted by a datector

such as 2 stlicon sur-
face barrier ueles'gr.
Usuatly used for 238pgy
detergination when 239y
ang 230Py are known.

150L0pe with
cnargy in the 5 to
& HeV region

Z“Am must be
vemaved from sample

fram 0.01 to
W7 otot.

peak statistics

when weight girrenuge

luw Or wien 8py 1= present.
Precise Py measuremcnt
tmportant for calorimetry
Technigque al50 used on low
concentration waste Streams.
Pretreatment stap mest likely
requi red




TABLE 7. <(cont.)
MEASUREMENT INTERFERENCES CALIBRAT [ON SENSITIVITY L ABORATORY PRODUCTION
METHOD: PRINCIPLE APPLECABILITY OR LIMITATIONS TYPE FREGUENCY RAKGT {mg Pul{ RELEABILITY (1) ACCURACY {1n] COMMENTS
6. X-Ra Deer-<tation af Pu thraugh { Pu solutians includ-J Samle preparation{ Pu standard Each <kifl Depends on _an 7z [sotopic sources and machine
Fiuorescenre tr L x ray lipes is mea~ | ing input solutions, | critical because exciting [0.1 to 1.0%} {exciting sources have been
sured by & high resolution | mixed axides of L x-ray source 2nd usod.
spectrometer attenuation concentration
7. Gravioetry Pu0, ignited at 1700 to Pure samples Non-wplatile im- Scale Each measurement]Scale R 1 Technique nol used in U.S,
1255”1‘. and weighed cenly puritfes must be Sensitiviry {0.05 to .2%) §nuch because of &ifficulty
determined fa producing a stoich-
separately . omatic form and handling
affficulty for Pu
powders .
d. Spectral a} Measure the character- Pure Pu Spertrum of Pu -- - Works best BTy Must have tightly controlled
Photametry istic color of Pu in solutions solution a func- for high (0.05 to .22) | conditicns. Used infre-
solytion. Differentiz} tion uf species concentration quently in U.S.
spectrophotometry present sotutians
b} Measure color of Pu in waste Spectrum of Pu Very tensi- 3 to 101 JHNumerous organic color
arganic colar complexes solutions after solution a func- tive covers complexing agents some
of bu {IV) chemical separation | tion of species wide range rather nonspecific
present
9. Qther
=t Methods
wn
Activation Sample irradiated by a All Pu Detect Stanzard for] Each measurement]Potentially Heed a powerful neutron
Analysis neuytron saurce. Measure fleurrons-dcpends iype of most sensi- source_such as a reactor or
decay radiation such as an trradiating sample tive method 1arge 2520f squrce.
delayed neutrons or neutron ensrgy avatlable
gamma-rays spectrum and back-
gqroynd
Gamnas~fissian
proguct g r
impurities may
interfrre
Gamma- Detect spantaneously Al Pu Fission product Standarg for{ Each shift Depends on Requires complex egquipment
Spectrometry emitted gamma-rays follow- v's ur other each type sample and and analysis -- can d2
ing aipha decay of Pu impurities setup isotopics
Garma- Measure transmission of Pu solutions Other high-Z Standard Each shift
Absorptometry gamma or <-rays through material in the Solution
a solutien selution
References
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Oxides ({U. Pu) 0,)" C 698
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Moreover, automation often means the direct interconnection
of the laboratory technique hardware wich a computer. This
should reduce tramscription erros that often plague a totally
manual aperation.

Table 8 presents a list of laboratory techniques that have i
been automated. In many cases experience is now being developed on ¥
the production accuracy and reliability of such instruments, It
is likely that more automated laboratory instruments will be
developed since they clearly meet a safeguards and economic need.

o~
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3.2 NONDESTRUCTIVE ASSAY

Nondestructive assay (NDA) implictly means that no chemical

change in the material is required to perform the measurement.,
Consequently, samples are not a priori required and the measure-
ment can be conducted on large quantities of process macerial,

scrap, or waste. In general, if bulk measurements are made,
they are conducted on or near the process operation. Here,
the environment such as the radiation background, :emperatures,
humidity, etc., is likely to be more diffieult to conmtrol. It i
foilows that NDA's are often less accurate than laboratory tech-
niques and provide more of a qualitative trend indication. ]

In this section we present an overview of NDA applied to
a reprocessing facility. Since in recent years there has
been a proliferation of NDA instruments -- particularly to
measure scrap and waste -- we have described the general measure-
ment methods instead of descrioing every specific NDA imstrument, ;
This makes it difficult to pinpoint the expected precision and %
accuracy since these quantities are measurement/instrument ]
specific. Table 9 lists the NDA methods along with or some
specific NDA instruments that have been designed into reprocessing
plants.
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TABLE 8.

AUTOMATED OR PARTLY AUTOMATIC LABORATORY TECHNIQUES FOR Pu

Me thod

HMeasurement Principle

Time
Per
Assay

Precision

(10)

References

1. Automated
Spectrophotometer

2. Electrochemical
Uetermination of
Pu

3. Amperometere
Titration (partly
automated)

4. Controlled
Potential
Coulometry

5. X-Ray
Fluorescence
Anaiysis

6. Mass
Spectrometry

7. Separation of
Uranium and Pu

Measures optical absor-
bance on tetrapropyl-
ammonium plutonyl

Controlied-potential
and controlled-current
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TABLE 9.

NONDESTRUCTIVE ASSAY

CALIBRATION

The calorimatric mithod s
essentially the measurement
of tne smount of electrica?
energy nescssary Lo dupli-
cate the thermal effect
accompanying a physical or
chemicat change.

“eleng with other

ragionuclide impur-
11es 1hat have

s t half lives
5304

"wchnique car !

< aver « wide
“ange.

Pisctopins

1sptopics}

of 1s0¢qpi onpos it par-
Ticorariy B ang Xigm.

1
+ETHOD MEASUREMENT aeP1 1CABLILLTY [4TLRTE RENCES AERLITINITY 1 EBORATOR FRODUCT 104 M T b
PRIKCIPLE OR LIMITATIONS LR34 I FREQUENCY OANGE frg Pu)] RELTABILITY {t-)| ACCERACY (3-] o s J

+
1. Calarimetry A calorimpter i5s a0 instry-|[Plutonivm ynteining Isotopic composition] Flectrical Tda11, wpends oo - 0.1 (wel? W5 (el Accuracy dependent on kaowledge 1
rent for measuring heat. produclt and gcrap ipf Pu rust be kndwn calorimetry pecrirad Pu specified i

2_ 3crap end
Waste Acsay

Passive Nyutron. Reulrons
resulting from the spontan
eons Fission angd (i.n}
reactians af Pu 1sotapes
are detected.

Passive Garma Ray. Geama-
rays followina the alphs
decay of Pu y30topes are
detac ted.

Fissian Myltipiicaty
Detectars. Spontaneu.s ra-
dratiens {.'% ond/Gr neu-
trons} arv detected in a
<pincideninr mode. Melhod
pased on Lhe multyplicaty
af ragiations from spon-
tameous frssian {1.e.,
averaging .5 ngutrans 4ng
7 photons)

Active hngtion Interiogs
tion.  Samples are irradia-|
Led by & newtron ource in-
during fission.  Prompt anag,
ar geliayed gomma-ravi o
negwerans are detected
use fissiun multivlicity
principle in canjuncziar
wWith RELLFOR EOurce.

Cer

A1) Pu forms

WY Py formn

ALl Pu farms

211 Py forms

“ples must be

Slutonium 1satopic
tun{sn[ (particular-

Pu) ateng with)
ciremical form must
be known

*ivsion pruducks or
other gamma emitling
150T0pes may dicect-
Iy interfere ar
cause instrument
iead time lusses.
Attenuation of l
rjermas Fyst be 1
srcounted for. H

hod gominated by
ﬁavu centent (and

Pul s isotopic
wontent must be
bouwn.,  Attenuation
and moderatinon char -
LLECISLIZL Ot sam.

<ontrolied.

;

interrogating .

tron energy wear.,-n]
)

should pe cantrolle
Lelf wnielging -
Py ray ko 1mpartant

Standard Lgntairner-
apurmsimeting Py
140t0kic And chem-
1cal form.

.Beginning and
‘and of rach
Shift

1

Standard Conlarners l\lenlnn\nq and
dyproaimating Pu and L' each
cherncat faem and HELIEEY
qeometrical ‘
distribution,

Standard Containar:
2pprovimating Pu

Beginniaq ang
&nd of each

1SOLOpI LS ARd shsft
qeonet sy b
Stangzrd .untarners [ Beginnipg ang

and af sdcn
ahift

Spprox et ing Pu
gensiities ond
qecrets <

Jepends on
equiprent
lesign,
camgle geore
“ry. ang
neutran
*ackaragnd

DEpENas LN
enurprent
“1esign. geor -
“tey, and
naroa
hatkaround .

epends on
~quiprent
etigr, P

; ‘totanics ar

T cadrgtion
} - ezunrouna.

Lipends on
“Ao iprent
268380,
amsie avze.
a¢ meygtron
nargy
“eCtrun

<5

[ary

«10.

Best for highly controlled Po
subsrances with few impurities
and knosm Pu 1sotopics.

Aethcd capable ot acturate so-
tupic determinatigns tor well
¢hiracterized samples, i.¢.,

l:

i Method capable &f 1% accurdcy

j for small, well characterized
jsamplag . Caparle of +5% messure-
| ments for largr containirs (<55
» galiong) with luw gensity mac

{ tricies and low racistion

l na

]

kqround .

By utilszing 3 low gnergy
v‘frnn gLroe mejneo eterm
tne 2385, ing Pu conte
pable af 1% accuracy for small
well cnaracterized samples. iso-
50PIC meutron SOurces include
;gnnuneaus 13385100 SOurces
5261 ga0) . Sources fPu-ge.
Anu). ana {,.n} sources (Sb-Be)

A variety of (ommercial equip-
ment i available from the IRT
Corp. and National Huclear Corp.
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TABLE 2. (cont.)
REASUREMENT CRBILITY IRTERFERENCES CRLLBRATION SEWSITIvITY LABDRATORY FRODUCTION
HLTHOD PRINCIPLE AUPLICREILE GR I IMITAT jONS TreE FREQUINCY  |BANGE (mq Pu-| RELIABILITY [15) | ACCURACY {1c) COMENTS
3. On-Line A thin Te activated glass Homogeneous waste gr {Detects all alphas Cauld utilize Each ashift Haximum sen-|=<5% of System - Can airectly relate to Fu
Al=ha Honitor scintillatar s utilTized product streams without any energy stamdard sclutions sitivily carefully rinsed concentration ofF streas If
to prefereatially detece discriminatien. High 150 cps/ . Ci/land stabilizring free of other alpha emitting
alpha emitting 33gtopes in heta activity [ 10 wc} [see circuits used wnt!ﬁn.nts and Pu |solupi|:s
a Flowing streanm mCi/cc) could cause vig. nd A content khdwn.
some pulse pile up eatensive operacing dats un
present design availekie as
yet.
4. Leasched Hull] Undissolved fuel remdlningl Leached fuel aulis fecause of intensity ‘tsvgulelx positioned L Eacn shift Depends on AQ - ko Y. S. operatring data
Moni tor in sheared cladding hulls of acttivation prod- Ce source background availaule
containy quantities of vets and other low- . uhvu‘
figgign products. The er energy fission e
gamma activity from a produtts, pulse pile in nul'ls and [
Tigssion product d‘“‘"ﬂ ¥8, is a problem . activation -
is detected (1.e.. 11%r) Ca is espected to product
and when torrelated with be the most fmpor- activity
: laporatory data indicates tant background
the ampunt of undissplved coniribution .
fusl
5. Heutron fleutron propsrtyonal Any €< sufin Pu isolopics change - - .7 gfliter - - A qualitative trend indicator
Honitors {on coynter maunied noa- effect the response range of Pu concentration.
linc) <zlumn ta ronitor Pu 0-10g/1ter
cancentration
N 6. Sample High resolution Gef{Li} de- | Any Fu rHD. )‘1 product{ Resfaua? fisgion standard sources or | Fach shify Cepends 2n o — No on-line experience with
Strean (-Ray tector scans product stream product artaivity standard soluiian design high burnup power reactor fuel.
SpLCtroscopy sample stream. flow oeter in:crieres with
determines flow rate past intensity
) detector determinatjons -
7. Dual Energy Two enrergy gamma Lrans- Any Py 104}, Residual fisyiom Stangdard . sourie - - - - 'A qualitative indicator of Py
Camma mlssign nyasurenent made -oduct it?cam product actiyity toncentration, $ingle encrgy
Absarpt imeter ta determine heavy cetal cauld iaterfere absarptimeter hay been
. wonteat in solutions along with uadis- outinely uscd sl Windscale for
- { slved solide J | years.
)

TAT Xull “Ci_atogue uf Muclear Matersal Safeguards Instruments , Brookhaven Katrons!l Latoritory Report '7165 Auguer 1972,

. .. R, M. Augusto. and T. D. Reilly, “fusdimentals of Passive Nor-cestructive Assey of Frosinnable Material™ fos Alamos Scient:%ic
. Laboratory, 1.2nual LA-GE51-15, Tepr. 1974.

3. Raymond Gunni.k, "Statuy of Plulanium liotopic Measurcmentt by Samme-Ray Spectrascopy ' luwrence Livermore Laboratory, UCRI 74818 -

4. IREA Safeyuarws Technical Manual Pare € let.ods ana Techniques [AEA-174 (1979}

o

American falional Standard Guide Lo Calibrating Non-destrurtive Assay Systeoms HI5 . 20-1975

. I 6. F. A, O'Hara, J. D. Wutter, H. 4. Rodenburg. M. [. Dinsmore, "Calorimetry for Safeguasds Prrposes” Mound Lakorstory MLM-1790
% 7. 1. Guzani,. "un-Line Plutonium Alphs Manitor® to be publizhed
! B. T. Gozani, “Leached Hull Moniiar for Detection af Undissolypd Irradiated Fuel™. Proreedings 15th Annual Meeting <
i (1873) institate of NHuclcar Materisls Managers, p. R
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3.3 PROCESS INSTRUMENTATION

The reprocessing plant operating environment has an over-
riding effect on the choice of instruments and measurement
devices that can be used reliably for control of normal chemi-
cal processing functions. The high levels of penetrating radi-
ation in the plant head end through the first stage of product
purification require that metals or carefully selected ceramics
be substituted for organic materials commonly used for sealing
devices and insulating materials., The fact that entry to
the highly radicactive cells for maintenance, repair, or replace-
ment can only be accomplished when the plant is drained dowm,
flushed out and thoroughly decontaminated makes it mandatory that
devices of all types be kept to the absclute minimum within
the cells,

The operational difficulties are typified by the unusual
methods used for extraction column flow contrel. In an ordi-
nary processing plant handling nonradicactive materials, a
flow meter could be placed directly in the line between the
feed adjustment tank and the centrifugal contractor. By
proper choice of the primary device and the sensing element,
flow measurements of 0.5% of the instrument span could be
achieved with careful calibration of the system. The measured
feed flow could then be used to control flow in the feed
stream to within 1% by adjusting the air flow to the transfer
jet. The feed stream flow measurement could also be used to
establish an aqueous-to-organic flow ratio to the contactor.
With sensitive flow measurements on the organic stream, a con-
trol loop could be devised the would have the capability of
maintaining column flow ratios well within 217,
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In contrast, the aqueous feed flow to the centrifugal
contactor in a typical reprocessing plant is controlled *y
inference. The flow meters are mounted outside the process
cells to measure the motive air flow to the transfer jets
used to transport the feed solution to the contactor rather
than the actual feed stream, By careful study of the air jet
transfer characteristics, the feed stream flow rate can be
controlled to within #3% by proper adjustments of the motive
air flow, Organic flow rates are controlled in a similar
manner, By careful design of the contactor and choice of
process flow sheer characteristics, this degree of control has
been used successfully for plant operation.

As a further consideration, air jets for liquid transfer
within the radioactive environment have the great advantage
that no moving parts are needed within the cells, In ordinary
chemical plant practice, many of the liquid transfers would be
made by electro-mechanical pumps. Flow control could then
be maintained either through variable speed control of the
pump, recycle of a portion of the flow to the pump inlet or
one of several other control methods.

Within the reprocessing plant, liquid levels within the
process vessels are normally controlled by the use of air
purged dip tubes, By measuring the air pressure necessary
to maintain a controlled air flow rate through a tube discharg-
ing near the bottom of the vessel and comparing the pressure
with that of a similar air flow to the free space above the
liquid In the vessel, the pressure differential between the
two tube discharge points can be obtained, If the density of
the liquid is known, then the liquid level in the tank can be
calculated,

Liquid density measurements are normally made by a
variation of the pressure differential dip tube method used for
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measuring liquid levels, The differential pressure between
air flows through two submerged tubes that are separated verti-
cally by an accurately known distance is a direct measure

of the liquid density within the process vessel,

In practice, the liquid density measured within the
vessel is correlated to the density determined on liquid samples
withdrawn periodically from the pracess vessels with proper
correction for temperature effects.

The purged dip tube differential pressure method for
liquid level and density measurement has the advantage that the
measurement sensors are external to the cell. Measurement errors
can be introduced by corrosion products adhering to the probes or
by partial plugging of the submerged tubes by solids.

Interface control in the disengagement sections of the
extraction colums is maintained by using purged dip tubes
locacted at the proper elevations with known distances between
pairs of submerged tube discharge peints. Changes in liquid
density can be sensed and corresponding changes can be made in
flow rates to adjust the aqueous organic interface within the
proper range.

Process vessels within the reprocessing plant are normally
operated slightly below atmospheric pressure to avoid the poten-
tial hazards that could result from pressurization of vessels
containing radiocactive materials, Most of the pressure measure-
ments made are associated with the pressures within the vessel
off-gas systems and the celi ventilation system using Pitot tube
devices. Again, the choice of pressure transducer is influenced
primarily by the need for reliability and maintenance free opera-
tion within the radicactive environment,

Temperatures within the process cells are measured using
thermocouples as these instruments in their normal confipuration.
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are resistant to radiation-induced effects. Resistance thermo-
meters and liquid-filled thermometers can be used effectively
in the nonradioactive portions of the plant.

Instrumentation systems most often consist of several
components in addition to the sensing and readout devices.
Generally, a signal convertor is required and if the measure-
ment data are to be used or displayed at a distant location,
a transmitter is also needed. Each of these links must be
consldered in the design of the overall system in order to
preserve the accuracy, precision and reliability Inherent in
the sensing element. Several factors influence the choice of
instruments for chemical plant operations including accuracy,
precision, need for calibratien, reliability, false alarm rate,
Tesponse time, resistance to environmental effects and cost.
In many cases, the most accurate instrument is not the best
choice because of the overriding influences from other design

considerations.

Table 10 presents those process control instruments
that are -ommonly used in chemical processing plants., Those
instruments that can conveniently be used in a reprocessing
plant are noted,

3.4 REPROCESSING PLANT MEASUREMENT UPGRADE FOR SAFEGUARDS

Any detailed system studies on the material accountability
of a reprocessing plant requires a set of measurements and
uncertainties. In this section we present an initial measure-
ment set that might be used for accountability purposes and
som: additional measurements that serve mainly a safeguard
function, This initial set 1s appropriate for a Barnwell
type facility. Any significant changes in the processes
described in Section 2 may requlre a measurement change. The
measurements listed in Section 2 are assumed to be incorporated
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TABLE 10.

PROCESS CONTROL INSTRUMENTATION

- [ T e . - — o —
RAT
HEASUREMERT SENSING CAL IBRATIGN '[
VARIAELE MEANS MEASLREMENT PRINCIPLE RARGE Type Frequency USES ACCURACY [SEHSTTIVITY L JCATION COMMENT"
Temperature Liquid Temperature sensitive bulb con- -200 to +350%C uniform occasional fliquid & gas 0.5z 0.1% of used only in non- Moderately affected by radiation
Filled tatning a 1iquid only, » liquid & measurements of span span radioactive por-
its vapor or a gas connected by tions of plant
capitlary tubing te & helical .
vapor -270 te 4350%C |nonuniform froquent 11quid & gas Moderately affected by radiation
Pressure expandable element measurements ¥ 4
Gas -30D to -BOOPLC uniform | occasional [liquid & gas Radiation resistant with proper choice
Pressure measurements of gas
Resistance Resistance of winding in tempera-|-100 to +350°C uniform occasional fliquid & gas 0.37 0.1% af used only in non- Serigusly affected by radiation
ture sensitive tip varies with measyurements radicactive par-
temperature change tions nf plant
Thermocouple (Emf generated by difference in -200 to 1550°C Inonuniform | frequent l1igpids, 9as 0.5% 0.2% of lused in radio- Maderately affected by radiation
thermal cheracteristics of &moltenmetals| of span span active environ-
dissimilar metals in contact monts on dissalver,
process Tines
Opticai Colar of light from wncandescent 650 - 4A0DD°C nonuniform  freguent soli1ds, molten ©.3% 0.2% of cal~iner cantrol useful only in visible color range
Fyrom=ter [object is compared to light of metals ot span span
known stancard temperature
Flow Differential |Flow through a suitsble dewvice- all flow rates . 1iguids, gases| design dasign used only in nom- Requires imline device as primary
Pressure crifice norrle or wenturi results|with static . & vapors dependent{ dependent (radicactive por- sensor
wn a differentia’ pressure pressures up I tions of plant
inferential of flow rate sensed to 5000 psi i
by a menomrier or mechanical N
dewice .
orifice type sire dependent uniform occasional |accurate, high) design design used anly n pon- Clean fluids only. HNarrow flow range
- Vine pressurc dependent| dependent |radicactive por-
3 drop . tions of plant
Inczz1e v 1 :
: ype specia nonunifurm | frequent |steam flom. des rgn design
t ldexign - moderate 1ing ;evwnucnt dependent Moderate 5019d5 uting purge Systems
i H ! pressure orop f
I . ( !
venturt type {special naaunifarm froquent low line ( deyign design
1des ign [ presiure drop dependrnt | depesdent ! :‘arqc amount of solids can be
andled
' : . .
i Hagnetic liquid acting as a moving con- G.3 ta 200,000 uniform  ggcasional [syitable for ¢.5 af 0.25% of :
ductor as it flows through in a | liters permin - dirty, viscous) scale scale “r“;"': "1‘"‘ electrical conduccivity
‘flow tube. cuts maanetic 1ines | carrosive ar e anicro ?2"9"‘-"‘ or 9;?‘“""
af flux_from AC-powered cails i floming eriously affected by radiatian
external to tube ] Tiquids
! H
Turtine :Fluid impacts 2 forceona multi- (0.3 to 200,000 uniform !occastanal |inlinemeasure-] 0.2% of 9.2 withir, 5
iblade rotar casuing rotation at |liters perain. ! aver 1 rent of Tiquid | actual 1inear 'C’Ie:ndzlui_ds anly. Seriously affected
s velaocity proportional to flaow selected Flow Flow range y radiation
irate. As each blade passes the ranges
(face cf the magnetic cotl. a
ipulse of AC woltage is induced
. e . .- - [P SR L
Pressure |Pressures A |elements of various shapes com- §pressure sensars instruments| maderate |some portion design des 1gn used for nonradio- saei
changes in vert pressure changes to mecha- |are available phave both of pressure dependent | dependent [active process :01 used :,"‘ ';:3:‘ 'id"‘“’"" ::‘;‘:5
pressure cause Inical motion. Elements include from 6.01 in. [lincar & sensor is streams: nat used Seavse 2 4 ‘“"‘z Stioeriadic
deformations |diaphragms, bellows, special of water pres- [nonlines.- exposed to within cells maintenance and calibration
of sensing coil, helical coils, double sure o 80,000 |ranqes Process
elements that |bellows & double coils psi Streams. The
are propor- primary sensor| .
tional to can be parti-
pressure or ally protected
pressure using pressure
change seals
L] foe] < - - . .-
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TABLE 10 (cont.)

_— e s — [ —— . s
MEASUREMENT SENSING B | CALIBRATION
WARIABRL € MEANS MEASUREMENT PRINCIPLY RANGE Type Frequency LBSES ACCURACY |SENSITIVITY LOCATICH CCMMENTS
Pressure Force Briance| Primary sensor jeflection caused (from 0.01 in.of|wide Jincar moderate Some portion of | de.ign design used for non- Hot used in high radiation fields
by presence iy Jartially coempen- jeter to 80,000 the pressure dependent | dependent |radicactive pro- |because of difficulty of periodic
sated by applying an oppoiing psi sensor is [cess streams. maintenznce & calibraticn
force to sensing elsment exposed tO pro- Not used within
! cess streams. cells
Primary sensor
! cant s partial-
| 1y protected
using pressure
seals
I —— - i . -
Pn £ lectrodes Variations in hvdrogen ian full oM range . unifrom frequent primary sensor]0.%° Jf 0.3% of used far non- sericusly affected by radiatian
activity are seised by changes must be incon-] scale scale radioactive pro-
in electrical patential gens ractwith pro- cess streams.
tes by the pH «'ectrode d - |cess 1liquid. ! Not used within
, EYectrode { icel)s
. cleaners are |
: required for )
many applica-
. tions 1 '
H [ AU . :
Pasition Hechanical | Movement of mechanical sensor ! ‘ Devices can be|generally vsed to indicate Hnevices can be designed to
Indicators indicates presence or position ! campletely on-of f position of dis- |{withstand penctrating radiation =
of an object i mechanical, solver diverter -
| mechanical-
! electrical,
or mechanical-

s
!
& ' electronic ! i .
wn N 1
Optical Phptoelectric cell senses pre- « Can be used generally used ror non- Sericusly affected by radiation |
sence, absence or ¢hange in light for fill level] on-off radiaactive i
beam intensity with gbject of powder Streams 1
motiens hoppers, cans ‘ t
\ R
BYLrasonic Sopnt 43 dnteryupiled or Aiter- nctect Fill I seriburiy 3%fected by radiation 3
nated by presesce of ap nbject tevel of pow- : =
der hoppers ' !
Ju irays :
Liquid Continuous | Rir-purge throigh tubing below D-250 1t 4,0 unifornh seldom liquids incpen| design design primary sensing Liguids of constart density
TeveT Furge 1iquid Tevel w th back prefsure ) ot or vented dependent | dependent [mesns in radio- 1 Purge gas compatible with
in bubble tube equal to the hydro-; tanks acyive environ- proce.s
static head at reference lavel ment N
Diaphram Sealed chambers with diaphgram p-250 ft H 0 uniform occasional [liquids inopen| design design used in non- 'useful for level measurement
exposed to process tiquid. or vanted dependent | dependent |+adiozctive of constant dersity 1iquids
Hydrostatic pressuyre on the tanks partions of
flexible djaph agm com-resses gas plant

in closed systw equal 1o hydro-
statfc head at diaphragm level

pifferential | Sensing elemen: deflacted by 0-B00 in, of | wunifarm occasional jliquids n design design used in ngn- Process-wetted sconsing
fressure Cell change in hydrnstatic head at water i lapen, vanted (dependent| dependent |[radigactive element
element lTevel i or clésed pavtions of
| tanks plant
Liquid Level Buoyancy Sense the buoyint force exerted level--up 1o uniform  occasiona) [14quids in ncy (8] 4 used $n non- Process-wetted sensing i
or Density by a displacer element. Leve? soveral fest aperr, vented of span [ of span radioaceive alement :
H measuremants a~e made ax are sur- | aof level or closed portions of.
! . face 1iquid vé -ies over length of | change tanks plant

element
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TABLE 10 (cont.)

]
!
t
3

MEASURIMENY SENSING CALIBRATION
WARLIRELE MEANS MEASUREMENT PRINCIPLE RANGE Type Frequency USES ACCURACY |SENSITIVITY LOCATION COMMENTS
Liquie Ultrasonic Density measurements are made nanuni form frequent Tiguids or design design Seriously affected by radiation
Level with the element completely sub- ‘sol ids fn apen, {dependent| dependent
or merged. Ulirasonic sound waves vented or
Denstity are attenuated or reflected by closed tanks,
changes in leve) across sensor OT process
or by thanges in density i - piping
i .
Continuous Difference in each prassure ' uniform seldom liguids in design des1qn Primary means in{ Used for liguid density measurc- !
Purge of air purge flowing -hrough 5 open, vented dependent] dependent |radicactive ments and interface control
Two submerged bubble ubes with : or closed environment l
an accurdately known vertical dif- 1 vessels i
ference provides wmeasurement of . i
liquid dansity | .
:
- - o - - i [ — e
Weight Balance Weight measured i3 compared 0 e 1000 VO . upiforw : mogerate precision 0.0012 0.001% Laboratory Generally not used for Industrial
directly to 2 kaown wright 1 ' weighing of of scale | of scale weighing
N i small
1 t guantities |!
- i
Bolance Beam | Weight measurea is corpared € to 200,000 | uniform | rogerste | direct weigh- 0.01% ©.0%¢ Honrsdioactive 1
with weight on lever 1em H i ing of otjects' of scale|] of scale Jportion af plant i
' ) .
Load CeTt | Height incecases Pressure on a Ctoto® Ib | uniform | rederate gengral andus-;  0.01% u.g1z Weighing process | Can be made resistant to penetrat-
hydraul ¢ non-tempressible fluid : ‘ trial weighingl of sca' of scale |vessels, dins ing vadiation
i i fue) assesblics
1
Strain Guage | Pressure changes elecivical a to 0% b ] wniform | freguent | gemeral indus-] 0.07t 0.0z weighlag process| Can be maede resistant to Pehetrat-
resistivity of cmdedded electri- H trial weighing] of scale af scale [vessels, bins, ing radiatian
cal conductor ‘ fuel assemblies




in this initial set, Additional details, including the expected
accuracies, are given below. The accuracles quoted are the expected
production aceuracies derived from the references listed in sub-
sections 3.1, 3.2, or 3,3,

3.4.1 Laboratory Heasurements

Laboratory techniques supply the basic accounvability
measurements for the input and output of the separation and
conversion facilities. We shall assume for this initial set
that the laboratory techniques are not automated (except for
the mass spectrograph which s interfaced to a computer).

When uore data becomes availble on the accuracies to be expsct-
ed over long periods of time, along with the measurement times,
reliability, tamperproofness, etc., it would be apropros to
include these newly developed automated laboratory techniques
in an ideal weasurement set.

In Table 11 we list the selected laboratory techniques
by method, where in the process lines they may be applied,
the estimated total assay time (which includes sampling,
running of standards, etc) and the estimated random and syste-
matic accuracy. Because most of these laboratory techniques
require significeant manual efforts, the estimated times may
only be an optimistic guess. Significantly longer time periods
could be possible before an assay is complete,

3.4.2 Nondestructive Assay

In nue” °v fuel cycle material accountability systems
NDA plays a porting role for SNM accountability except for
waste and | :ibly scrap assays, This is true for the present
measurement :stem, However, in addition, NDA may provide
qualitative support (such as the on line alpha monitor) or
direct confirmatory measurement support for more accurate
measurements (e.g., the samples sent to the laboratory are
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TABLE 11. SELECTED LABORATORY TECHNIQUES

(1) Uncertainty (%)

Estimated
Method Applications Assay Time Random Systematic Comments
i. Isotope Input accountability 4 hrs .7 .1 1.5 hr sample preparation,
Dilution Mass tank 1/Z hr transfer, 2 hr analysis
Spectrometry
A1l isotopes " 239%py 056 .01 Isopotic compositions (and
240py 2 | relative accuracies) depend
2ulpy 2 .3 on burnup of fuel being proces
242py 3 .S processed
High concentration “ 5 | Sampling a problem since
Pu liquid waste waste solution may contain
5-10% solids
2. Amperometric Product nitrate and 5 hrs .2 .1
Titration oxide
3. Alpha Pu solutions 40 min 2 .5 Petermines 238py
Spectrometry
4_ pensimeters All homogeneous No precipitates in sample
solutions
organic 20 min* .04 -01 *Time assumes no pretreatment ]
aqueous 20 min* .03 .01 required I

A b b o -
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normally weighed in and out -- NDA would provide a direct
check that the samples do indeed contain Pu).

In Table 12 we have listed the NDA systems that might be
used in a Reprocessing Facility. The random and systematic
uncertainties are based on projected results. In most cases |
there are not significant production assay deta to support the
estimates in Table 12, However, there has been some testing
of NDA devices to lend credance to these numbers. For example,
Figure 13 illustrates the sensitivity of an on-line alpha
monitor to alpha and beta radiations, Fromthe fipure it is
clear that biasing above the relative pulse height of 40
essentially removes the beia ray sensitivity of the detector
(unless the beta activity is relatively much higher than the
alpha activity). Clearly more comprehensive experimental
efforts would be required to project the actual operational
sensitivity on the process waste streams.

3.4,3 Process Measurements

The primary factors for the design of the process instrumentation
systems for control of necessary operating parameters for the repro-
cessing plant is the need for extremely high reliability of those
portions of the system within tb: cell radiation barriers. Sensors
within the cells must be resistant to the effects of penetrating
radiation, require infrequeut calibration and maintenance, and ise-
late the radioactive process streams from the plant operating spaces,
Those portions of the overall instrument system external to the cell
ineluding signal converters, transmitters, and display units can be
chosen on the basis of normal chemical engineering practices.

Several of the typical instrumentation svsters combining sensors,
converters, and transmitters are listed in Table 13 together with the
overall system effectiveness. In all cases, the system signal can
be converted to an electrical signal that can be used for computer
data logging or, ultimately, for automatic control of the plant
operations,
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TABLE 12, SELECTED NONDESTRUCTIVE ASSAY

{1u) Urcertainty (%)

Estimated
Method Applications Assay Time Random Systematic Comments
1. Calorimetry Pul, product 1.5 hrs .2 <.1 Establishes a sigrature far
8 k3 cans each primary container.
Isotopics known.
2. On-line Various waste variabile 3 10 Hormal operating sensitivity
Alpha streams. See ’ ~ H00 cps/uCifem
Monitor Section 2.
3. Leached Hull Sheared hulls in variable - 40 Random uncertainty deeendent
Monitor fiead in area on unknown amount of !““Ce
imbedded in cladding
4. On-1line 1 BX column variable -— - A qualitative indicator
Neutron HS column
Monitors
5. Small Sample! Input to, laboratory 5-18 min -5 1-2 Passive assay for 22%pu
Assays small solid or content
1iquid samples
(low radioactivily)
6. Laboratory Solid waste in 5 5 min - 5 Passive system using fission
Haste gallon cans multiphasty detector and fHal
Liquid waste in detector, Ramdon uncertainty
1 gallon cans cepends ¢on Pu quantity
7. Haste barrel Conversion area soltid 5 min - 5 Passive system using a fission
Scanner (55 waste; low back- mul tipharty detection and Nal
Galions) ground radicactivity detector. Fission ef¥iciency
of ~ 16%. {NHeed isotopics
for total Pu.}

8. Waste Barrei

All areas possibly

depends on

Low Density

Active and passive system

Scanner with high radiation material 10 ] 20 using 2%%Cf neutrons.
backgrounds Medium Density .
15 | 25

E
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TABLE 13. SELECTED PROCESS CONTRQOL SYSTEMS

Primary Sensor Stgnal Converter Transmitter System
Parameter Type Accuracy Precision Type Accuracy Precisian Type Aecuracy Precision Accuracy Precision i
Tempera- Thermo~ EMF to Elec-
ture couple +1.0% :0.5°C Current +1.0% +0.5% trical :0.1% «0.1% +2%¢ 1%
R EMF to s
poess | e1.0% £0.5°¢ | mocse | :0.1% +0.5% +2% £1°¢
P - B, : -
Level pireed | 0.3% £0.1% pack_ fnev- | :0.a2 s0.05% £0.75% £0.5%
Tubes sura 0.01"
of
Mano- water
meter
Density gtia;ged +0,3% +0.1% g:gl;_ ;:-znix; «0.1% +0.05% +0.75% +0.5%
Tubes sure 0.01"
8 of
) . HMano- water
s meter
Flow Alr +29 1% keto- Elec- 1 £ 0 : of
Jet meter trical| oeare® 0.95% o +3.0% 1.0%
on 0.3% of 0.1% of
Motive scale scale
Air i
Streams -
Weight Load +0,05% *0.02% Liquid +0.03% +0.02% Pneu- +0.03% +0.02% 0.1% of 0.1057% of
Cell Pres- matic scale scale
sure
o
: Air
Preg-
sure
Labora- | 0.005% 0.002%
Lory Not Applicable Not Applicable of scal of scale B
Balance -
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4. HOLDUP IN PLUTONIUM RECYCLE FACILITIES

The purpose of this section is to discuss the significance
of holdup determinations in the nueclear fuel cycle facilities
and review the present status of holdup measurements.

Plutonium residual holdup is defined as the plutonium in-
ventory component remaining in and about process equipment
and handling areas after those collection areap have been pre-
pared for inventory., One may subdivide the holdup into two
parts pertaining to runout, where all the material in a system
or subsystem is processed without adding new material, and
eleanout where following runout the residual material is flushed
out by a proper dissolver,

a. Holdup residue after cleanout, which is fixed

(approximately constant) material that mormally

remains with processing equipment after it is
cleaned cr flushed out,

b, Holdup residue after rumout, which is the sum
of fixed holdup residue plus the residual in-
process material that remains with the process-
ing equipment after it is rumout or drained
out,

Plutonium accumulates in cracks, pores and zones of poor cir-
culation within process equipment. The walls of process
vessels and associated plumbing often become coated with
plutonium during solution processing. Surfaces internal

and adjacent to process equipment, especially glove-box walls
and floors, accumulate deposits of plutonium which can become
appreciable, Pu algo accumulares in air filters and associated
duet work,
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The absolute amounts of Pu holdup must be small for
efficient processing and proper hazard comtrol. However,
the total amount of plutonium holdup may be significant in
the context of the tolerable facility MUF, Facilitjes process-
ing or using special nuclear material are usually designed
to minimize the holdup of the material by avoiding as much as .,
possible sharp bends, pores, crevices, etc, The accumulation
of the SNM, or for that matter any material, will result frow
dust or liguid precipitation (and evaporation in the latter
case) in zones of poor eirculation, and from surface adsorp-
tion in the process vessels and plumbing walls, While good
and careful design of the processing facility can reduce the
amount of the holdup material, there is no feasible way of
eliminating it short of complete dismantling of the equipment,

~y

.

The physical principles oi holdup measurements are rela-
tively simple, ‘They are based on the controlled pbservation
of gamma rays emitied by the decay of 239Pu (the "3IB5" keV
complex) and the neutrons emitted by the (a,n) reactions. |
and by spontaneous fissions, The neutron signatures require f
the knowledge of the isotopic and the chemical composition
of the plutonium bearing material. The poor accuracy and che o,
difficuities normally associated with holdup measurements N

result from the geometrical complexity of the measurement con-
tiguration, variable background, lack of isolation between
invertipgated areas, possibility for significant and unknown
amounts of self shielding for the measured gamma rays and ;
lack of accurate knowledge of the isotopic and chemical com- ]

position of the plutonium. The existing plants which handle 5
Pu were built with little or no consideration for holdup ‘T
Measurements. §

The importance of the hold-up determinations and the sig- :
nificance of their uncertainty in the context of an overall :
accounting system is discussed in this section. We review, first, ¢!

d
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holdup in a model mixed oxide facility since system studies

and experimental results are available. Next, the significance
of holdup in a reprocessing plant are discussed. Following this
the nuclear signatures utilized in the present measuring tech-
niques and possible future signatures are discussed. Recent
holdup measurements establishing the present state-of-the-art
including the presently achievable measurement.accuracy are
described. The section is concluded by summarizing the furdings
and recommendations,

4,1 SIGNIFICANCE OF HOLDUP IN MIXED CXIDE FACILITIES

The significance of the holdup measurements and their
uncertainties within the context of the decermination of MUF
in a fuel cycle facility can be demonstrated by the analysis
of material balance uncertainties and their origin in fuel
cycle facilities. Such analyses can provide proper prospective
of the holdup measurements in relation to a facility material
accounting system.

The first example is based on the study of a Model 200
MT Mixed Oxide Fuel Rod Fabrication Plan:(16. The material
balance uncertainties are calculated for that facility assuming
accurate weight measurements and accurate laboratory analysis
of samples for the feed (Pu0,) and the product material (mixed
oxide fuel rods). The dirty scrap and waste are assumed to
be measured with the "best" nondestructive assay system. The
various measurements uncertainties and related quantities are
listed in Table 14, for an 8 week (2 months) inventory case.
The definicion of the symbols' app.aring in this Table are
given in Appendix 1, The material balance uncertainties for
the various components of the MOX model plant is given in
Table 15. The calculational method of the variances is summarized
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TABLE 14 BASIC MEASUREMENT UNCERTAINTIES USED TCO COMPUTE
MATERIAL BALANCE UNCERTAINTIES FOR MGDEL MIXED
OXIDE FUEL FABRICATION PLANT

& wlbe Ll #0L0UP Ca3E

HATHR1aL MW wm s e NS __on___we  ws a

FLOMW STubaH 0t ASUHMESNT DATA

eUNg frgh L Aslba _ v.8h0 6,200 _BeBX0 0.0hg _ 2.1A0  A.NPe §,u20 L0028 s.ene___S.a08 _ |,000
Miig FUEL KMy PREOUCT T T e 100 0. S0 T a,l0e Taantn "0, uns BifU BLGP0 BL028 T 0.074 j.anaT S »

NIRFY ScrdP (1=L11FN CANSY £.900 S,008 [ N1 T] L. T O k09 n,anp S, 008 [y LT} [ -1.T} I, una 1,889
. WASTE (SS=fALLT AWiNS) JSeN0 | Be80n __0.08R__ A.0AC__ 0,408 p.000 _10.080 Gt ___0.006__ .00 ___t.808 3§

L e —

CANSTANTCUNIENY [NVENTIRY NEASURNENT NaTa

A FUNZ S104AGE . Ge.l0n 0,480 A 280 o.0%0__ 0.00B A 0Re___0.030 __ 0,020 0,078 _ 3.0M0__S,008___ Y.o00_
14 #hg foie 8D SINHAGE 77 7 777 Ta,100 "7 8,900 " u, son B.u8e 0L NG T A 10T 0,007 8,006 8, 0008 1.0007 g une ), 008
DIATY SCHLP STORALE 2.900  AuAl m.080 p.0an A.ude A.ama S, 00 8,008 n,uns 1.000 j.000 1.080
WASEE StikaGE ) . (heP00 _ g.008 o om0 Gohln__ B 00 e.090__ 10,008 __6.000 __ p,une .00 _ 1,000 __ 1,000
VAHIAL LE-CONTEN. TavENTWY RFASUNMINT DATA

98 PULZ nit oA STORAGE H S8R0 0.s0N0 ¢.2a0 0.0 Q.0nn 0.300 _ 0.023 __ 0,020 __ 0,028 e BeB28__ S5.000 __ .00

G4 Plllp ALK STRRAGE KL 2 = ° ™= 5 4np” " a.tae T 0,088 a1 0 kAT T 0 108 T 0,028 T 0unPe T 0,070 T Gonke S.000  L.880

A P2 Hukw STlasy » ) v 100 D. $00 0,204 BN [T [P ] f.028 S 078 #4020 a,ven S.008 1. 008

Gl RELeCiID MUz STOHAGE MO ) Ca100 0.500 0,008 _ 04046 Albno__ 0,100 ©e820 __ D020 __ 0,070 __ 8,000 __5.000___ J.0A0____
A wECVfL 1D g SInuaLE W 2 7T alybu g, A06G TTBeNe T a.080 a0 T pa a0 T 0,028 T Blasd B 020 8,008  NS.00u  1.800

4C RELYILID Wi STUMILE NGy 0,300 0,300 A .00 O.uV  O,FB0 0,306 0038 G020  D,O20 A 000 G PAD s BDR

A Mg ttwtfe SEadaGe (4 SIL0S) 0,100 04300 6,200 0 0% 0.LAG DL EOND UaB20 . 04820, 0.020__ 1,600__5.000 _ Neudl ___
AOLCUF RESTOUE SFTER CLEANOLT ~77" "$,000 ~"n,000 ~“o.onn =" 60007 0uu0e”TT N 006 30,008 0,008 T 0.00u T ans T T 000 T 3080

See Appendix 1 for the definirion of the symbols.
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TABLE 1i5

MIXED OXIDE FUEL ROD FABRICATION PLANTS

(2 Monch Inventory)

MATERIAL BALANCE UNCERTAINTIES FOR MODEL 200 MT

R

Measurement of Shii_‘rchrou 21;:52%25:“1;\:“!8 Variance o2 %ngal)
PuOZ Feed 7.125 1140 C.919 22.01
mz Fuel Rod Product 7.04 1126 0.898 21.48
. E Dirty Scrap (l-liter camns) 0.10 - 6.80 0.116 2.78
§§§ Waste (55-gallon drums) 0.2 6.80 0.466 11.15
2A Puoz Storage 7.125 174.56 0.045 1.08
5,5 |15 MO, Fuel Rod Storage 7.04 309.76 0.131 3.13
‘EEEE Dirty Scrap Storage 0.10 6.80 0.116 2.78
S8 53| waste Storage 0.2 6.80 0.466 11.15
4A PuO, Bulk Szorage #1 - 144 0.150 3.60
4A Pub, Bulk Storage #2 -- 144 (x2) 0.276 6.61
" 4n Puoz Bulk Storagze #3 - 144 0.150 3.60
=

%g :2 zecycled M0, Storage #1 -- 24.7 0.004 0.11
87 ecycled MO, Storage #2 -— 24.7 0.008 0.19
_.:.:;.: 4C Recycled MC, Storage #3 -- 24.7 0.004 0.11
7e 6 MOz Powder Storage (9 silos) -- 1.8 0.0 0.0
=5 ; n:: -= 6 Q.428. 10 _23

0% (Total = 4.178 Kg , LEMUF = 4.1 Kg Pu LEMUF/FEED = 0.36%

= T —— e
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in Appendix 1. The last column of Table 15 points to the
main contributors to the total variance o2(total), and 3
hence also to the LEMUF (~20), The individual contribution '
to o?(total) is high when the material throughput is high; as

is the case of Pu0, Feed and M0, Fuel Rod Product even though

the measurement uncertainties are quite small, The contribu- . C
tion is also high when the measurement uncertainties are large,

like the cases of Waste (55-gallon drums and storage) and

Holdup Residue, even though their total throughputs are small.

The effect of varying the total holdup amount over a reason- L
able range of 4 to 8 XgPu using the same measurement uncer-

tainties (listed in Tablel4) is shown in Table 16, This table

shows that for the model plane a change of a factor of 2 in

holdup residue increases its contribution to the variance by :
mcre than a factor of 3. The effect of varying the dominant
holdup measurement error, namely the long term systematic

error (QW), (whicﬁ is mairly due to calibration difficulties)
is shown in Tablel7. The error is varied over a range covering
3 highly optimistic region of ( to 10%, a realistic domain for !
a future plant, 20 to 40% and ending with measurement errors of
40 to 60% (all, at 1 sigwa level) which are achieved in today's
plants. Table 17 shows thit for a 2 month inventory with flush
out no significant benefi- will result from reducing holdup
measurements errors belos 30%. However, for a runout inventory
where the holdup residue is 3 times larger reducing the error
below 20% will have an important impact on the LEMUF.

The previcus discussion and Tables inuicate that if one
wants to reduce the error in the holdup measurement, or for that
matter, any measurement error the relative contribution to the total
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TABLE 16 THE EFFECT OF HOLDUP RESIDUE ON MATERIAL BALANCE VARIANCES

(2 Month Inventory)

Measurements % of o* (Total) for Holdup of

4 Kg Pu 6 Kg Pu ] 8 Kg Pu
Pud, ¥eed 23 22 20
Mo, Fuel Rod Product 23 21 20
Dirty Scrap (l-liter cans) .3 3 3
Waste (55-gallon drums) 12 11 10
2A Pu0, Storage 1
15 M02 Fuel Rod Storage 3
Dirty Scrap Storage 3 3 3
Waste Storage 12 11 10
4A PuD, Bulk Storage #1 4 4 3
4A Pu0, Bulk Storage #2 7 7 6
4A PuO, Bulk Storage #3 4 4 3
4C Recycled HO2 Storage #1 0 0 0
4C Recycled HOZ Storage #2 0 0 0
4C Recycled HDZ Storage #3 o 0 0
6 MO, Powder Storage (9 silos) L] 1] 0
Holdup Residue After Cleanocut 5 10 17
o? (Total) Kg2 3.94 4.18 4.51
(LEMUF/FEED)% 0.35 0.36 - 0.37

U ———————



TABLE 17 “HE EFFECT OF HOLDUP MAJOR MEASUREMENT UNCERTAINTY ON
MATERIAL BALANCE VARIANCES AND LEMUF (2 Month Inventory
MOX Fuel Fabrication Plant)

oz(Holdugg o
QW% g? (Total) (Kg Pu) o ota ° LEMUF {KG Pu)
0 3.773 0.60 3.88
aeo| 10 3.818 1.77 3.92
2 aa] 20 3.953 . 5.14 3.98
55 el 30 4.178 10.23 4.09
8 ol 40 4.493 16.54 4.24
oxw| 50 4.898 23.43 4.43
60 5.393 30.46 4,64
0 3.795 1.19 3.90
ea | 10 3.885 3.47 3.94
23~| 20 4,155 9.75 4.08
S & | 30 4.605 18.57 4.29
S 35| 40 5.235 28.37 4.58
O/l 50 6.045 37.97 4.92
s 60 - 7.035 46.70 5.31
: o 0 3.953 5.12 3.98
B ey 10 4.356 13.91 4.17
3 52 20 5.573 32.71 4.72
: g g% 30 8.597 50.64 5.51
: 3 >0l 40 1¢.433 64.06 6.46
o “ 5 so 14.078 73.36 7.50
) 6C 18.536 79.77 8.61
*The long term systematic measurement uncertaintvy of holdup residue. This
is the dominant source of error for holdup determination. The random

error RW is assuvmed to be 57 in theae calculations.
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variance and the eventual effect on the LEMUF should be an imporc-
ant criteria for this assessment*, For example, in the
situation depicted in Table 16, it dees not make sense to
reduce the holdup measurements as long as the errors in the
measurements of PuO2 Feed and Product rods are not reduced,
However, this may indeed be required in the future if the LEMUF
is to approach the 2 Kg Pu level. Table 18 shows cases where
the reduction in the holdup measurement uncertainties ig highly
desirable because of their dominance, In cases whers the
throughput is substantially lowered, e.g., by more frequent
inventories, the contribution of the holdup residue, which
is assuted to be independent of the throughput (6 Kg Pu and
18 Kg Pu for the cleanout ard runout inventories respectively)
is preatly enhanced. This is demonstrated in the measurement
variance to the totsgl variance for cleanout and runout inven-
tories when given.as a function of the accounting period. The
measurement uncertainties used in this computation are the same
as those used for the base case (see Tablel4). The significance
of the holdup measurement and the desirapility of improvement
for short accounting periods is quite obvious from Table 18.
4.2 SIGNIFICANCE OF HCLDUP MEASUREMENT IN A MODEL REPROGESSING

PLANT

In the previous section, the effect of holdup and its
Teasurement uncertainties were 3ssessed for different account-
ing periods in a model mixed oxide fuel fabricatiom plant.
It wa. shown under what conditions a reduction in holdup

Different consicerations will prevail when a plant or part of
a plant is de-commissioned. Usually in these situatioms the
holdup residue must be deterinined as accurately as possible.
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TABLE 18, LEMUF AND RELATIVE CONTRIBUTION OF HOLDUP MEASUREMENTS TO
THE MATERIAI, BALANCE UNCERTAINTIES VS. INVENTORY TIME
(For MOX Fuel Fabrication Plant)

201

Accounting Cleanocut Inventory Runout Inventory
Period LEMUF 0_27_((1;131_&1_1511 o LEMUF g_r%% o

(Kg Pu) o“ (Tota (Kg Pu) o (Tota

1 week 2.2 35 4.3 83

1 month 3.0 18 4.8 67

2 months 4.1 10 5.5 51

3 months 5.2 6 6.4 38

6 months 8.7 2 #.5 17

1 year . 15.9 0.7 16.3 6




measurement uncertainty will have a eignificant impaet on

the LEMUF of the facility. In this section, the impact ui

the uncertainties in the holdup measurements cn the LEMUF of

a model reprocessing plant will be discussed. The model plant
for reprocessing 1500 MT heavy metal/year is described in (17).
The material balance uncertainties for the basic four material
accounting areas were calculated for different accounting
periods. The assumed measurement uncertainties and the result-
ant material balance uncertainties for the cleanout inventory
of the conversion (Pu-nitrate to Pu-oxide) area are given in
Tables 19 and 20 respectively, Table 20 reveals that the impact
of holdup measurement uncertainties on the "LEMUF" determined
in a cleanout inventory at the conversion plant is negligible
even if the accounting period were further reduced. The
material balance uncertainties in this facility are dominated
by the large quantities of Pu-nitrate input and Pu-oxide output
and the large measurement uncertainties in the genreral process
trash and dircy scrap. A similar siruacion prevails in the tia-
terial balance accointing of the separations plant. This is
shown in Table 21 which is based on the measurement uncertainties
listed in Table 22, Here also, the contritution of the holdup
measurement uncertainty to the total material balance variance
is practically insignificant regardless of inventory frequency.

When runout inventories are conducted, the holdup material
is substantially higher than in the ea.: of vleanout inventory
and the weight of the holdup measurement uncertainty corres-
pondingly increases. In the case of the conversion area the
holdup residue amounts te 4.5 Kg Pu, Nonetheless, the contri-
bution of the holdup measurement error to tite total measure-
ment variance does not exceed 1.5% for a one month inventory
period, For the separation area, the assumed holdup residue
for runout inventory amounts tc 15 Kg Pu, Here, the contribu-
tion of the holdup measurement uncertainty to the overall
variance 13 about 18% for 1 month inventory time, 10% for 2
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TABLE 19
UNCERTALNTIES FOR THE
REPROCESSTING PLANT

-t COMYFRSI0N ARFA-CLEANDUT INVENTORY CH-HONTH  ACCUUNT ITNG PLILIID)

- - ~
MATERL AL An /RS HA Py

FLiV~ STREAHM My ASURMENT DATA

Py NITRATE %P 9.300 t.100 0,200 g.100
DIRIY SCRAPCANALLLABY . _ . 49,000 _..0.00a0 . 0.0006.. G.U00
B OXIBE VuTeul n.100 0.300 n.200 0.0%0
CLEAN SCRAP(PU NITRATL) 0.300 0.100 0,200 o.l00
RESERAL PHROLESS TRASH _ . . _ 15.000 0,000 . 0,000, 15,000
ANALYTFILAL SAHMPLES 5,000 0,000 0,000 00D
OIRTY S5LAAPC(PU OXIDE) 2.%00 0.n00 0,000 V000
CONSTANT~CONTENT. INVENTORY HMEASURMENYT DATA .
_NARIABLE=CONIENT _INYENTURY. MEASURMENY DATA . . .. R -
10.000 0,000 0,000 g.000

AQLUOUVY RFESIDUE AFTER CLEANOUT

MEASUREMENT UNCERTAINTIES USED TO COMPUTE MATERIAIL BALANCE
CONVERSION AREA IN A MODEL SPENT FUEL

BCELUE NTA

vy

N,100
¢.000.
¢.000
c.100
8,000.
G400
0.000

0,000

L)

a.109
a.ana
0,100
©.100
©0.000
®.000

4,000

0,000

‘ag,000 o.000

aw as n Nw NS MA
C.nZn Q.070 f.026 1.u00 1000 1,000
£€.00G0 .._ 0.000 .. 0.000G 1.800._ . 1,000 _1,00Q ..
¢.020 Q.0270 9.020 &.000 6,000 t.000
0,020 0,070 ¢?.020 1.000 1.000 1000
15.000 . G.00N0 0.000 . 20,000 .1.000 3,000, ..
2.000 D.000 0.000 10,000 1,000 1.000
S.000 1,000 1.000

a,000 0.000 1.G20

0,000 1,000 1,000  1.000
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TABLE 20 MATERIAL BALANCE UNCERTAINTIES FOR THE CONVERSION AREA OF
1500 MT/Y MODEL REPROCESSING PLANT (2 Months Cleanocut

Inventory)
Measurement of Throughput (Kg Pu)! Variance
Per : Per % of I
Shift [Accounting o (Kg?) o2 (Total) :
Period :
Pu-Nitrate Input 49.7 2486 11.745 26.9 -
Dirty Scrap (Anal-Lab) 0.05 2.5 0.003 0 .
Pu-0xide Cutput 47.7 2384 & . 423 10.1
Clean Scrap (Pu-Nitrate) 0.5 25 0.001 0
General Process Trash G.5 25 21.108 48. 4
— Analytical Samples 0.1 5 0.01C v
< Dirty Scrap (Pu-Oxide) i.0 50 6.281 14,4
=) i Holdup Residue After Cleanout -~ 1.5 0.003 0.006

o? (Total) = 43,598 Kg? "LEMUF"™ = 20 = 13,206 Kg, LEMUF/FEED = 0.531% N
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TABLE <. MATERTAL BALANCE UNCERTAIWNTIES FOR THE SEPARATION AREA OF
1500 MT/Y MODEL REPROCESSING PLANT (2 Months Cleanout

Inventory)
Measurement of Throughput (Kg Pu) | Variance
Per Per 2 % of
Shift {Accounting a2 (Kg ) o? (Total)
Period
Pu-Nitrute Input 49.9 2494 41.915 72.9
Liquid Waste (Anal. Lab) 0.03 1.5 0 0
Clean Scrap {(Anal-Lahb) 0.03 1.5 0 (4]
Clean Scrap (Conversion) Q0.5 25 Q Q
Pu-Nitrate Output 49 .8 2488 106.936 19.0
General Process Trash 0.13 6.3 1.319 2.3
Intermed. Level Ligquid Waste 0.25 12.5 1.309 2.3
High-Level Ligquid Waste 0.25% 12.5 1.309 2.3
Analytical Samples 0.05 2.5 0 0
Holdup Residue After Cleanout - 5 0.050 1.2

g? (Total = 57.467, LEMUF = 15,161 Kg Pu, LEMUF/FEED = 0.608%

€ “ o i ¢ = 'y



TABLE 22 MEASUREMENT UNCERTAINTIES USED TO COMPUTE MATERIAL BALANCE
UNCERTAINTIES FOR THE SEPARATION AREA IN A MODEL SPENT FUEL

REPROCESSING PLANT
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INTERAENLEYFL LTOUIN WASTF Z2.00D
T HIGK=LEVFL | TOIIIN WASTE i - 2.00p
AMALYTIIDAL SAMPLES S5.000

CHONSTANTCONTENT JNVERTORY MFASURAKRENT DATA
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ns

0,300
0.000
[ B
n. 100
0tatno
0.000
G.000
A ODD
da00d

0.000

AA

1,000
o 000
0,290
0,200
0,200
0,000
?0.0np
20,000
e 010

0,400
faling
fel0p
D.180
f.100
iIS.ann
3.000
3.000
deang

‘0.000

25

0,100
Q. n00
We1hn
O.,30N
N300
pounn
Bb.000
&,0N0
deftd

g.0n0

[EXY

n.2na
fafifta
n.1fin
n.100
0a100
ah00
In.00Q
16.000
0e04aqa

0.0n0

0,nP0
2,000
n.n2o
0,070
e.0P0
15,060
1,000
1,000
2a00a

SU.0n0”

Telonp T alb0ro 1,040

ng naA Mk

1,020 0,020 _ 5,000

0.a0n o.000 1.000

0,024 N.0?0 1.000
0,020 0.020 3000 _
0.079 0,020 4,000
0.000 0.000 20,000
1,000  t.0ND
1,000 1.000 3,000
Ge.010 de000 Age.ane

~1s000

. .3.000 3.006

HS NA

3,000 __ 1,000
1000 1000
1000 1,000

: L.0n0_

3,000 i.000

t.0n0 1.000

3,000 1,000
telaG  te0nd

1,000

1.000 1.000



http://Hir.H-i.EUFL

month inventory times and 3% for a 6 month inventory time.
Thus, if the measurerent uncertainty in the Pu-nitrate inmput,
which constitutes more than 60% of the total measurement var-
iance, is substantially reduced and/or if the inventory period
is further shortened, then the incentive to greatly reduce the
holdup measurement error would be more evident. This error
was realistically assumed to be 40% (at lo) for the long term
systematic erver and 10% for the random error.

4.3 NUCLEAR SIGNATURES FOR HOLDUP MEASUREMENTS

The measurement of holdup of nuclear material is in-
herently difficulty. Primarily, this is because of the
nature of the geometry involved, namely, a complex arrangement
of plumbing and ducts, large glove boxes, large thick-walled
storage containers, etc. Other difficulties can arise due to
the high radiation background, the varying thicknesses of
the various objeéts. the irregular geometry all coupled with
the upknown distribution of holdup material. These facts
limit the possible nucleer material signatures and techniques
one can employ in quantitative measurements of holdup residues.

The requirement of penetrability dictates the usage
of gamma and neutron radiations emitted by the nuclear material
or by their daughter product. Inducing secon‘ary radiation
in the nuclear material by using, for example thermal neutrons
and measuring the induced neutron and gamma radiations, is
hardly practical because of the low comcentration of the fissile
material and the complex geometry. Thus, the holdup measure-
ments are limited, for all practical purposes, to the passive
detection of gamma and neutron radiations emitted spontaneously
by the nuclear material,
4,3,1 Gamma Ray Signatures

The characteristic gamma rays and their emission intensities
of importent isotopes is tabulated in Table AZ-1 of Appendix 2,
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The obvious advantage of the detection of gamma rays is that
they are copiously abundant and are characteristic to specific
isotopes. The degree of specificity depends on the energy
resolution of the detector employed. The specificity of the
gamma radiation and the fact that the most important figsile
isotopes 235U and 239Pu emit such a radiatien, allow in
principle, a direct quantitative measurement of these isotopes
without prior knowledge of the isotopic composition of the
material processed in the plant, As will be mentioned

later, this constitutes an important source of error for

the other gamma and neutron based measurement schemes. The
main disadvantage of the gamma radiation from 23SU and 239Pu
is their strong attenuation in the structural material. The
gamme-ray mass absorption coefficients for different materials
as a function of energy is shown in Figure A2-1 of Appendix 2.
The important gawma lines are indicated on this figure., An
indication of thé y attenuation is provided by the length of
the mean free path (MFP) in various substances., Table 23
gives the MFP (in cm) for a few y and neutron energies in four
important substances, 1,4 cm of steel will reduce the

gamma radiation by about a factor of e (2,72), while & plastic
material of the same thickness will reduce the intensity by
only 14%. It is cbvious that 235“ holdup measurements can

be perfomed only if the measured containers are made of low Z
materials (e.g., plastic) or of relatively thin metal sheet-
like plumbing ducts. Since there is no other passive signa-
ture, such as neutron emission, from 235U, it is cbvious that
loldup measurement of 235U is severely limiced. The penetra-
bility of the radiation from >-°Pu is higher (see Fig. A2-1 and
Table 23) but still causes measurement difficulties, limits

the attainable accuracy, and requires a careful calibracion(lg
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TABLE 23, MEAN FREE PATH (1/:Z(TOTAL, cm) FOR PHOTONS
AWD NEUTRONS
Density Gamma Neutrons
Material | o p? [%00 keV | 1 MeV| 2 Mev| Thermal | Fast
H20 1 9.5 14,3 | 20,0 0.34 2.2
Fe 7.86 1.4 2.9 | 3,0 | 0.86 3.6
Pb 11.35 0.4 1.2 2.0 2.7 5.6
v, [1030 | o0& | 12| 21|13 | 2.8
110
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The gamma attenuation through walls of varylng thicknesses
in the complex geometries constitutes a significant source of
error in the holdup measurements.

Penetrating radiation which is emitted by traces of fis-
sion products in the reprocessed plutonium may also provide
a useful signature, It is expected that the amount of 952r -
Vb and 106Rh - 106Ru fission products in the plutonium
separated from high burnup spent fuel will be in excess of
2uCi per gram Pu. The intensities of the different gamma
lines for low, medium and high concentration of fission product
traces in Pu are given in Table 24, The substantially higher
penetrability of these gamma rays and the high intensity can
lead to a high detection sensitivity for Pu holdup in
procezs equipment. The main drawback of using these fission
product traces to measure holdup plutonium is the peed to cor-
relate this activity with the plutonium concentration. How
good these correlations are, is difficult to assess at this
time. It is plausible, however, that in process equipment,
espeially for a M0, fuel fabrication plant, the measure-
ments of the fission product activities will improve the
accuracy of the Pu holdup measurements,

Another potential source of more penetrating gammz radia-
tion is the 766 keV line associated with the a decay of 238p,,
This relatively intense line can be of use for Pu originating
in high burnup fuel where the amount of 238Pu exceeds about
0.5%, yielding approximately 750 photons/sec/gram Pu (see alse
Table 25). The utilization of this line to determine quanti-
tatively the total mount of Pu will require a knowlecdge of
the isotopic composition of the plutonium along with the
agsumption of constancy of this composition, The 238py 1ine will
be useful by itself if the fission product traces in Pu are
low. Otherwise, its contribution will be lumped together with

the 9521‘ - 95Nb activity,
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TABLE 24, APPROXIMATE GAMMA RAY EMISSION RATES (SEC-l) FROM
TRACES OF FISSION PRUDCTS* PER GRAM Pu

Emission rates per gm Pu*

“a%iziﬁﬁi“e Half-Life | Y-RREosY Low Medium High
5z 65 days .724 Ix10% 5x107 2x10%
.756 5x102 5x107 2x10®

LN 35 days .765 7x10% 1x10% 3x10°
106g,xx | 363 days .513 7x10% 1x10° 3x10°
.624 4x10% 5x10° 2x10°

> 1 MeV 7x103 1x107 3x10°

Three levels of fission product traces in the recovered
30 ucCi/gm Pu.

Pu are assumed.

High - 80 pCi/gm Pu.

**106,,,8”_ (368 days)

Low -2uCi/gm Pu.

Medium -

106, ., 30 seq 106Pd

—_—




4.4 NEUTRON SIGNATIRES

Neutrons are emitted in the spontaneous figsion of 238Pu,

240Pu and 2421’u and through the interaction of emitted

a particles with certain light nuclei, The neutron emission
rates from spontaneous fission and {u,n) reactions in oxides
and fluorides are given in Tables A2-2 and AZ-3 respectively

of Appendix 2, The emitted neutrons suffer little absorption
in passing through most structural and containment materials.
This is the main advantage the neutron signatures offers over
the gamma signature. To be useful for the assay of plutonium
holdup, the neutron production rate per gram of Pu must he
known, This requires the knowledge of the isotopic composition
for the spontaneous fission contribution and, in addition,

a knowledge of the chemical form of Pu and the amount and
distribution of certain high (a,n) yield target material (e.g.,
aluminum), Neutron and gamma yields from Pu with three differ-
ent ilsotopic compositions are given in Table 25. It is seen
that the neutron emission rate, with about equal contributions
from spontaneous fission and (x,n) reaction in the oxygen

in Pu0y, is substantially lower than the gamma emigsion rate
but szill has useful intensities.

4.5 HOLDUP MEASUREMENT TECHNIQUES AND RESULTS

The difficulty in measuring finely dispersed plutonium
in large work boxes, tanks or other ocbjects with complex
geometries and containing different types of equipment has
been emphasized throughout this section, The available nuclear
signatures and measurement techniques were shown to be limited
to the detection of the characteristic gamma rays from the
fissile isotopes, 239Pu and 235U with the possibility of using
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the specific fission product traces as added information on
the 239Pu concentration. When the geometrical and structural
configuration makes the gamma measurementsunreliable because
of excessive attenuation, the measureme..r of fast neutrons
emitted in spontanecus fissions and (a,n) reactions becomes
the main tool for Pu holdup determination.

The suggested experimental procedures and tools for in-
situ assay of plutonium residual holdup, is described generi-
cally in Regulatory Guide 5.23(1%) This Regulatory cuide
discusses the available measuring tools namely, NaI(Tl) for
the gamma detectors and semidirectional and non-directional
neutron detectors. The possibility of using the newly avail-
able CdTe detector which could measure, because of its small
size, the gamma activity in situations where other detectors
have proven to be cumbersome has been recently suggested(lg.
The CdTe detector can be used to measure the holdup inside
(and obviously outside) pipes and other difficult configurations
and more use of it may be seen in the future, The present
and future use of the high resolution Ge(Li) and intrinsic Ge
gamma spectrometers for the purpose of holdup measurements seems
to be very limited, This is because these detectors are in-
convenient for applicaion in the difficult geometries which
are typical in such situations. Also, their use will be time
consuming rendering the holdup measurements prohibitively long,
Regulatory Guide No. 5,23 describes in detail, the generic
measurement procedures including calibracion and sources of
errors. The latter comsists of a

L. counting statistics

2, Instrument instabilitles

3. geometric uncertainties
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TABLE 25-A. EMISSION RATE FOR 1 GRAM Pu FROM YANKEE FUEL WITH 35,000 MWD/TU

Cu) p————

BURN-~UP
Spontaneous
- Gamma Emission Fission (a,n) Neutron
Isotope Weight%Z Prompt Neutron From PuQ9o
v/sec Energy (keV) Neut/Sec A Neut/Sec n
238p,, 1.9 3 x 103 766 . 47.2 15.3 266.0 76.1
239p, 63.0 8 x 10* 320-430 a 0 28.4 8.1
240p,, 19.0 - - 194.2 63.2 32.3 9.2
241p, i2.0 2 x 10° 208 0 o 1.2 0.3
. 242p,, 3.8 -- - 65.7 21.4 0.4 0.1
=
(= 28150 0.6 3 x 108 60 0 0 21.4 6.1
Toral . 307.1 100.0 349.7 100.0
Total Neutron Emission Rate 657 Neut/sec/gram
4
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TABLE 25-B. EMISSION RATE FOR 1 GRAM Pu OF AN AVERAGE COMPOSITICH (INCLIUDIMNG
T“ECYCLE IN 1990)

Spontaneous
Gamma Emission Fission (a,n) Neutron
Isotope Weight?, Prompt Neutron From PuOsg.
Y/ sec Energy (keV) eut/Sec | 7% Reut/Sec s
238p,, 1.2 2 x 10> 766 30.0 7.5 168.0 63.6
239p, 53.0 7 x 10% 320-430 0 0 23.9 9.0
240p,, 25.8 -- -- 264.0 | 66.4 43.9 16.6
241p,, 13.5 * |2 x 10® 208 0 0 1.4 0.5
242p,, 6.0 - -- 103.7 | 26.1 0.6 0.2
261 0.7 3 x 108 60 0 0 26.3 10.0
Total 182.7 i00.0 397.7 [L00.9 264.1 100.0
Total Neutron Emission Rate 662 neut/sec/gram
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TABLE 25-C.

EQUILIBRIUM RECYCLE)

EMISSION RATE FOR 1 GRAM Pu (WITH ISOTOPIC COMPOSITION OF

Spontaneocus

Isotope Weight% Gamma Emission Proggiséiﬁtron (“ﬁggmNgﬁgzon

Y/sec Energy (kev) Neut/Sec] % Weut/3ec A
238p, 3.4 |5 x 103 766 84.5 | 15.0] 476.0 83.7
239, 41.7 |5 x 10% 320-430 ) 0 16.8 3.3
240p, 27.1 -- -- 276.9 | 45.1 46.1 8.1
241p, 15.4 13 x 10° 208 0 0 1.5 0.3
242p, 11.7 - -- 202.2 | 35.9 1.2 0.2
241am 0.7 |3 x 108 60 0 0 25.0 4.4

Total 259.6 100 563.6 | 100 568.6 100

Total Neutron Emission Rate

1132 neut/sec/gram




3.1 isolation of measured collection zones
3.2 overlapping collection zones
4. attenuation uncertalnties

5. interpretation uncertainties

<3

1 5.1 interferring radiations

5.1.1 . background and background variation
in the gamma energy window

¢

i 5,1.2 a change in the high (e¢,n) yield .
i impurities in the case of neutron -
! counting
f

6. 1isotopic uncertainties

The contribution of total counting statistics to the overall
error is usually insignificant. Instrument instabilities can
be greatly reduced by proper equipment stabilization and fre-
quent calibration. Hence, the contribution of this error will
normally be small. The geometric and attenuation uncertainties
: can be rather significant. The magnitude of these uncertainties
‘ are determined during the calibration by moving the calibration
source over the volume of observation measuring the additioral
signal due to the source ("add a source" technique). The inter-
ferring radiation in the case of gamma measurements normally
1417 not be high. This situation may change, however, if the
trace amounts of figsion products, especially gSZr, 5Nb and
106Ru discussed in Section 4.1, are high., The variation
in the (u,n) yield impurities has to be estimated using
the permissible concentrations of tﬁese materials in the process.
1f the process equipment is cleaned each time the isotopic com-
position of the plutonium feed is varied, the holdup will con-
sist primarily of the current material, When mixing occurs,

i
i
H
N
i
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the stream-averaged isotopic composition for preparation of
the standard is probably the best estimate., The isotopic
uncertainties are then determined by estimating the ramge of
the process variation, As was mentioned before, the isotopic
uncertainty significantly affects the neutron measurements.

Recently, several careful and detailed results of holdgn
measuremMents in mixed-oxide fuel fabrication plants(lg'zo'z*?and
Pu-scrap recycle plant(zz)Were given,

The most extensive measurements (performed by two inde-
pendent groups) are reported in(lgl where the holdup measure-
ments in an entire mixed-oxide fuel fabrication plant (Kerr-
MeGee) are described, The measurements, which follow Regulatory
Guide 5.23(18>whenever possible, obtained essentially the
sane results for the total amount of holdup Pu, The measurement
uncertainties were estimated to be about 50% (at 1 sigma)
through the agreement between the two results, assuming complete
independenice, indicates an error of 20% to 25% (at 1 sigma).
Realizing that the measured plant was not designed at all to
facilitate holdup measurements and that no calibration and in-
sertion of standards into glove boxes prior to start up of
plant were made, one is led to conclude that the obtained
estimated value of the measurement uncertainty should be con-
sidered as an upper limit for the uncertainty in plants which
will be designed to take into account the holdup measurement
prerequisites, A room integrated holdup measurement was suce
cessfully demonstrated in the Kerr-McGee exercise by using
a relatively large nondirectional neutron detector which was
placed in the middle of a well isolated and shielded room.

The holdup in that room was measured within an estimated uncer-
tainty of 50% (at 1 sigma level). The needed eaglibration co-
efficients and the uncertainty were determined by both cal-
culation and calibration measurements,
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Very careful Pu holdup measurements, using mainly a Nal(T1)
detector, and to a lesser extent, a semi-directional neutron de- 3‘
tector, wete performed on glove boxes, conveyors and tanks in ‘
areas of varying background at ARHCO 2 . The measurement pro-
cedures of(ls)were applied and the agreement between the assigned
values, based on the nondestructive measurements, and the deter- - A
mination of the recovered plutonium has been within 16 percent
for quantities ranging from several grams up to the kilogram level,
Preliminary results from similiar measurements on several glove
boxes showed an agreement of 20%(21? Measurement uncertainties L
of 20% (at 1 sigma level) or below, are outstanding for this
type of measurements, However, it should be recalled that the
configurations studied at ARHCO(ZZ)and England(2l)are much
] simpler than the Kerr-lcGee case,

4,6 CONCLUSIONS

The need and desirability to reduce the holdup measure-
ment uncertainty within the context of nuclear material safe-
guards accountability should be determined relative to other
measurement errors and their impact on the overall material
balance uncertainty. In many situations, as discussed in this
section, the contribution of holdup and its measurement un-
certainty is quite insignificant. However, for short inven-
tory time and especially for run-out inventory, the hold-up
and its uncertainty can become quite a significant contributor
to the material balance uncertainty and hence, to the LEMUF. i

The nuclear material signatures available for holdup
measurements are basically the decay gsmma lines and spontaneous ;
and (o,n) neutrons. The possibility of using the more penetrat-
ing gamma rays emitted by traces of difficult to separate
106Rb-106Ru as a sig-

=]

fission products such as 970-%5b and
nature is suggested,

(1
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i The most recent meausrements including a very elaborate

¢ ; one(lg) ¢learly provide a practical range of achievable measure-
ment accuracy. The meagsurement uncertainty in a complex un- L
optimized configuration is about 50% at a 1 sigma level, Under
: rmore favorable conditions, achievable holdup accuraeies can

f be as low as 15% to 20%. All holdup measurements are very

: time consuming and are labor intensive.

In addition to the utilization of NaI(TI) gamma spectrom-
. eters and semi~ and non-directional neutron detectors, the compact
' Cdle gamma spectrometer may emerge as a measuring tool for
otherwise inaccessible locations including inner walls,
duets and tanks. The poasibility of performing an integral
measurement on the holdup in an entire isolated room by
using large non-~directional neutron detectors has been demon- {
% strated, achieving an accuracy of about 50% in favorable situa-
v tions, Based on one study, it has been found that placing a
sample of known surface area, having the same characteristics
as the equipment walls, at various positions in plutonium werk
boxes and process areas to monitor depositions could be ad-
vantageous. It can provide a proper calibration and allow
an estimate of the holdup by area extrapolation., One may ex-
tend this concept and place not only flat surfaces, but in- :
corporate other shapes and structures in the proper location
; for similar purposes. The present study fully conmcurs with
f% the recommendation of the Kerr-McGee study,

Regulatory Guides, 5.8, 5.25 and 5,42 discuss the design
of processing equipment to minimize holdup and to facilitate
cleanout. However, since such designs cannot be perfect, it
will be necessary to make measurements of the holdup of high-
enriched uranium and plutenium in future facilities, The
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Kerr-McGee and other studies have shown that: (1) equipment
should be designed to minimize holdup and to facilitate cleanout,
(2) thers should be a continuing plan to improve the techniques
for measurement of holdup, (3) in the future, plant designs
should take into account the necessity for holdup measurements
(for example, locate equipment so that each significant item
can be "viewed" by passive assay instruments without inter-
ference from other objects; define “geometries" and determine
radiation attenuation and scattering factors; don't buy pipes,
etc.) and (4) the assay procedures should be etermined in
advance and the system calibrated before and during start-up
operationg,

it
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5. REPROCESSING ALTERWATIVES - A PRELIMINARY OVERVIEW

5.1 PROCESSING STRATEGIES

Utilization of Pu produced in the LWR fuel cycle requires
the processing of spent LWR fuel ro recover the Pu and using
this Pu {n the fabrication of fresh mixed-oxide (MOK) fuel.
Although MOX fuel can be used as both LWR fuel (3 to 5 wt. %
Pu) and LMFBR fuel (20 to 25 wt. % Pu), its use »as LWR fuel is
being considered here. Processing Pu for LWR fuel consists of
the following four distinct sceps:

¢ Separations (separation of the fission nro-
ducts from the U and Pu, and the partial eor
total separation of the U and Pu into nitrate
solutions).

¢ Conversion {conversion of nitrate solutions
gontaining Pu or Pu and U into oxide powder
orm) .

® Blending (blending of nitrate solutions contain-
ing Pu and U and/or blending of oxide powders
containing Pu and U).

¢ Fabrication (fabrication of MOX pellets and
fuel rods from oxide powders containing Pu and U).
From a processing viewpoint, these four process steps can

be performed in separste facilities which are large distances
apart. However, production efficiepcy and transportation costs
suggest some colocation, particularly for che blending. In addi-
tion, safety und safeguard aspects of Pu-materials transportation
provide further incentives for colocation. The impact of coloca-
ting some or all of these process steps is not examined in chis
preliminary overview, bur it msy prove to be an important issue,

122



[N

The alternative ways of processing Pu fuel are deter-
mined by the configurations of the four basic process steps which
can be developed. These configurations can be developed for two
principal variables:
¢ U-Pu separation which is total (or nearly
so}, pertial or none (i.e. mixed)
e U-Pu blending which is dry, wet or both.

Based on these variables, nine configuratious can be defined.
Block disgrams of the resulting nine configurations are presented
in Figs, 14 through 16. For each process step shown in the block
diagrams, material form and enrichment or £issile content is
given. The material form and quantity of clean and dirty scrap
recycle is showm for each configuration. Waste streams are omltted,
and U recycle is not addressed explicitly. Some key character-
istics of the nine configurations are summarized in Table 26

This table includes the quantities of Pu product material gen-
erated by the conversion and fabrication processes, normalized
to one kg of Pu recovered in the separations process.

Based on these characteristics and some general considera-
tions, & preliminary (and incomplete)} listing of the advantages
and disadvantages of the nine configurations is presented in
Table 27. Completion of Table Z27requires further study on the
commerical feasibility of partial U-Pu separation and on the
canversion of U+Pu solutions to MOX powder.

¢ Because of the requirements for enriched U
feed material, for very high conversion
throughput, for very high fabrication through-
put and because they are not applicable to the
IMFBR “uel cycle, the Group C configurations
associated with no U-Pu separation are the
least attractive,

e Depending on the conmercial feasibility of par-
tial U-Pu separation and of comversion of U+Pu
solutions, the Group B configurations may be
the most attractive.
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Figure 14. Pu Fuel Processing Configurations for Total
U-Pu Separation (Group A).
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TABLE 26. CHARACTERISTICS OF Pu FUEL PROCESSING CONFIGURATIONS FOR LWR FUEL CYCLE

Group{Case Sep::‘r—al: !\:J ion Bllejx-‘l:‘;n 2 })"lié%‘éer?.‘; 19‘13}%%2%?:% Ma-‘;;‘:%a‘ir R‘éal;‘;:'zdb Reiz:aer'.vc R&:E‘;:::::‘;d g:::}::;t::e
- 1 Total Dry Pu02 (88%) U02 (0.7 PuDZ 2%y, MOX (173 1.2 20-33
A 2 Total Wer Pu Nitcrace (207%) Uranyl Nicrace{Q,K 77) MOX (18%) 24-41 20-33
3 Totral Wet + Dryfl Pu Nicrate (207) g:inﬂézﬂtcrace %2%%% MOX ( 3IT) 21 20-33
4 Parcial Dry MOX { 5%) 'U02 (0. 7%) ™OX ( 3%k 21 20-33
B 5 Partial Wet Pu + U Solu:ig;) Uranyl Nitrate(D, K 7%) MOX (18%) 24-41 20-33
:: 6 Parcial Wer + Dryj MOX { 5% uo, (D. 77> MOX ( 37) 21 20-33
~ 7 .one D.r)- MOX 0. 7%y uoz €207%) HMOX ( 37%) 147 143-165
3 [ 8 None Wet HOX (0.7%) Uranyl Nitrate (Z20%) MOX (1BR) 174-201 143-165
9 None Wet + Dry MOX 0. 7%) Uranyl Nitrate (20%) MOX ( 3%) 170 1E5-700
and U02 (0. 7%)
a The Pu weight percentage is given in parenthesis for each Pu material,

The U-235 weight percentage is given in parenthesis for each U material,

The scrap recovery requirement, expressed as a percentage of throughput. 1s given In parcenthesis for cach case

d. The conversion requirement is given for each case as Kg of Pu material converted from sclution to powder pec
Kg of Pu separated.
e. The fabrication requirement is piven for each case as Kg of MOX fuel fabricated per Kg of Pu scparated.
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TABLE 27. ADVANTAGES

AND DISADVANTAGES OF Pu FUEL
FOR LWR FUEL CYCLE

PROCESSTING CONFIGURATIONS

li

Advantages [ Disadvancages
U-Pu U-Pu ——
Croup|Case Eepar-:ion| Blending Group ) Case { Group k Cane
A 1 Total E Dry A. Separation process (l. Cenversion process is |A. Pu content of - Pudy (88 wr. T Pu) is very
H 1s well defined. well defined: conver- oaterial is arrractive marerisl for
! i sion requireaent is highest (20-88 diversion; PuDp mcrap re-
1 i ! smallent 1 wr. T} covery iz Tequired and is
! | not well defined.
> Total wet 2. Wet blending is more . Pu nitrate (20 wt. 1 Fu)
t ! uniform; copreciplta- is fairly attractive
i ted MOX product and material for diversion;
H scrap are .sosc casily ‘ MOX scrap recovery te-
| ) dissclved. Quirement is large.
3 Toral iWet + Dry 3. Coprecipitacad MOX
| ! product and scrap arc . Py nitrarte (20 wr. 7 Pu)
' . vore rasily diesclved ] is fairly mttraciive
i | ' material for diversion.
H j two U feed materials
! ( Tequired. two blending
l - are requirved.
4‘ i
B 4 Partial | Dry B. Pu content of all 4. |8 Partial U-Pu o .
i marerial is fairly [ ceparacion pro-|
low (<5 wt. %); cess Ls not
5 Parrial War ‘::“;e‘:i“’ir;::d HOX |5, Wet blending is wore ; Vell defined. 5 oy scrap recovery re-
! [t il bl uniform; coprecipita- | quircment is large.
} H dze "":r"de ¥ ted MOX product snd J
i { } asclved. acrap a most easily
; ; ' diasclvad.
i ; .
i & i Parcial "iua: + Dry 6,
H 1
i ; . ]
c 7 None I Dry . Pu content of all € Envicheg U 7
i : fue) marerial ia feed material
! very law (<1 we ), ia required
i Separationa process and hence SWU
H is simplesc and Tequirement is
N hence ssparacions largs: conver-
facilivy is sion and fab~-
. smallest; coprecip- i vication re-
: itated MOX product . quirements are
and scrap are more wvery large. not
easily dissolved. . applicable to
' BR fuel
H K ] cycle.
8 None | Wet 8. Wet blending is more 8. MOX scrap Trecovery vre-
¥ uniform; copracipfita- ' quircement ia larpe.
. ted MOX product and
. i scrap are most oasily
dimmolved. )
° Home Wet + Dryl .

& ara raquived;
rwo olandings ars
required.
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5,2 CONVERSION ALTERNATIVES

In addition to the oxalate precipitation technique for
converting plutonium nitrate to PuO2 described in Section 3.1,
there are several alternative processes. Technology is avail-
able for either conversion of the plutonium nitrate to the
oxide alone or as a mixed plutonium and uranium nitrate to
the oxides.

5,2.1 Plutonjum Nitrate Conversion

Methods available for plutonium nitrate solution con-
version to the oxide are described as follows:

Peroxide, The plutonium is precipitated as a
nonstoichiometric Puy0, using a 30% solution of Hy0g. An ad-
vantage of this technique is that it does not require prior
valence adjustment as both the hexavalent and trivalent plu-
tonium are converted to the tetravalent state by the Hy0,.

The process is also flexible to feed concentration and flow
and large concentrations of certain other metallic ions, Be-
cause iron catalyzes the decomposition of H202, the presence
of iron and/or the reaction temperature must be closely con-
trolled, Other solutions that form peroxides (U and Th) and
strong peroxy complexes (Zr, Ce, Mn) and anionic impurities
that form strong plutonium complexes adversely effect degree
of precipitation. Along with these many disadvantages, the
difficulty in converting Pu207 into a homogeneous Pu0, product
have not made this technique a competitive process for coumer-
cial application for plutonium nitrate conversion.

Plutonium Oxalate, The main advantages of this proces.
are that a good product form and purity is easily obtained, it

is flexible to feed variations, and the process has been demon-
strated on a large scale, The disadvantages include the
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requirement fir valence adjustment, a large mmber of pracess
steps, and a relatively large part of the plutonium must be
recycled for recovery,

Plutonium Sol Gel. In this process plutonium sols
are prepared from Pu(N03)4 solution in which the nitrate is
continuously extracted witn n-hexanol. A seeding technique
is used to improve the sol crystallite sizes. These plutonium
sols are very stable, denitrate rapidly (10-15 min.) at ~200°C,
and are insensitive to overheating. These sols can easily be
used to prepare Pul, microspheres. Because the process is
quite complicated and has not been demonstrated on an engin-
eering scale, it has not received much attention for a commer-

cial plutonium nitrate conversion process,

Direct Denitration, Direct conversion of plutonium nitrate
solutions using fluidized-bed demitration has been successfully
demonstrated with pilot-scale., The Pu0, product is quite suit-
able for storage and transport, The merits of this process
include its simplicity, ease in scale-up for larger systems,
and does not require valence adjvitment. However, the PuO2
product from the process is dissolved with more difficulty than

the products from the other processes.

5.2.2 Mixed Oxide Conversion

1f mixed plutonium and uranium oxides are the desired
end product, there are several important advantages to perfoim-
ing the conversion concurrently, The critical masses of plu-
tonium are increased by more than a factor of 5 when the Pu0,
is diluted by 75% with depleted U0,. Also, the total amount
of scrap fur recycle is generally less with the mixed processes.
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The following are some candidate processes for mixed con-
version.

Coprecipitation., In this process the uranium and pluton-
ium nitrates are combined after plutonium valence adjustment

and coprecipitation of uranium duirinate and plutonium hydroxide

is accomplished with ammonia. The resultant precipitate is

then filtered, usually on a vacuum drum filter, then washed and
converted to the oxides in a continuous vibrating tube reactor.
The process is somewhat continuous, is amenable to varying feed
rates and compositions, and has been demonstrated on'an engin-
eering scale. The main disadvantages of the process are that it
involves a large number of process steps, the scrap recycle
requirements are high, and the Pud, product is finer than
desired for shipment.

Sol Gel Conversion, In this process, o, and Pu02 so0ls are
prepared separately, similar to that described for Pup, sols,
and the U02 and Pu0, sols are then blended and used to prepare
mixed uo, - Pud, microspheres. Both the o, and Pu02 sols de-
nitratc rapidly and form a uniform and desirahle product. The
brocess may also have some advantages with regard to shipping -
handling and scrap recycle, However, the process is compli-
cated, requives a large number of process steps, and has
not been demonstrated on a large scale.

Direct Codenitration, This process is similar to that
described earlier for the direct conversion of plutonium
nitrate solutions using a fluidized-bed prucess to accomplish

the denitration. The codenitration is accomplished by spraying

a uranyl-plutoni:m nitrate solution into a heated fluidized

bed of the oxide product. The product is a totally homogeneous

granular mixture of UOZ-PuO2 which is converted to U0,-PuC, with
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hydrogen, or other gaseous reductant, also in a fluidized bed.
The process has been demonstrated on a pilot-plant-scale,
appears applicable over a wide range of uranium plutonium con-
centration, yields a homogensous product, and is easily scaled
to larger equipment. The main disadvantages of the process
are the second step needed for U04-U0, conversion and close
process control is needed to maintain a satisfactory product.
The product from this process is generally more difficult to
dissolve than the products from the other processes.
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6. PROCESS MODELING AND SIMULATION

This section presents a survey of the avallable litera-
ture on transient characteristics of LWR Fuel reprocessing
units., Included are papers presenting experimental data,
process and contrel models, and methods of control, These
papers reference other works which may also be of interest,

6.1 LITERATURE REVIEW

Papers dealing with liquid-liquid extractors are in
abundance, These are reviewed in Sectionm 6,1,1, Other pro-
cess equipment such as filters, dryer-calcivers, dipesters,
and grinderg appear less frequently and are usually control
oriented, They are reviewed in subsequent sectioms.

Several text books are of general interest in modeling
chemical processes, References 23, 24, ana 25 appear particularly
guitable in this respect. Many of the models developed in
Reference 23 were programmed as subroutines. Some of these may
be directly useful, but the author's simple and practical
approach to modeling is probably his main contribution,

6.1.1 Liquid-Liquid Extraction

Chemical processing to achieve separation of plutonium
and uranium from each other and from waste products is an
important step in fuel reprocessing.. Separation is accom-
lished through countercurrent liquid-liquid extraction systems
containing inmisible liquids in environments which are both
chemically harsh and radipactive. The chemical environment is
selected to promote mass transfer of most of one or more con-
stituents in the original phase. Subsequent separation of
phases separates the constituents.
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The degree of separatior attainable depends upon the
differences in distribution coefficients (defined as ratio of
concentrations of a given constituent in the two phases under
equilibrium conditions) of the materials to be separated. The
distribution coefficient in turn may depend upon the oxidation
state of the solute ions, the presence of complexing agents, or
upon other elements of the chemical environment in each phase
{26)-. Separation efficiencies seldom reach the maximum attain-
able due to imperfect contacting between phases. The rate of
mass transfer between phases depends upon the amount of contact
surface between phages, the concentrations of material in the
two phases, and the mass transfer coefficient(i?). Iu general,
mags transfer rates increase with increasing contact surface
and increasing concentration differences between phases but
the functional dependences are not generally knowm,

The extraction system of interest for separation of
uranium and plutonium is the nulsed perforated plate columm,
Pulsation not only provides the necessary mixing function but
also alds phase separation, There is also evidence that it
promotes back mixing of the continuous phase (28 pp. 259-263)
which is undesirable since it tends to decrease the driving
force (concentration gradient) for mass tramsfer.

A complete simulaticn of pulsed columns for purposes cf
control or material accountability requires a means of predict-
ing concentration profiles as a function of time in response to
adjustable parameters such as input phase flow reter and con-
centrations, and in addition, pulsing frequency and amplitude.

An interesting and practical treatment of pulsed column hydro-
dynamics which allows prediction of the effect of pulse frequency
and amplitude upon comcentration profiles is given in Reference 29,
It also provides a quantitative expression for estimating back
flow of the continuous phase.
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Reference 26 provides a detailed formulation of material
balances for a pulsed column utilized in partitioning uranium i
and plutonium. The material balances account for reaction '
chemistry within each phase and expressions are given for deter-
mining distribution coefficients and reaction rate coefficients.
While pulsing characterisitcs were neglected, holdup dynamics
were assumed important and were calculated assuming proportion-
ability between holdup and pseuwdo flow rates between model
stages, The use of pseudo flow rates in this work (also des-
eribed in Reference 30) is similar to the treatment in Reference |
31 which deals with 2 mixer-settler extractor for separating |
the rare earths, Both Reference 26 and 30 were nonlinear control
oriented simulations concerned with manipulation of aqueous
flow rate as a means of controlling column behavior.

e

A recent article {32) presents a gereral review of the
underlying theory'of liquid-liquid extraction and also pre-
sents a survey of the equipment, The article includes an
extensive bibliography, This article does not address the

transient response of the processes nor model development,
but 1s of general interest.

D A b W N 4 b o3, ¥

A computer code SEPHIS (Solvent Extraction Processes
Having Interacting Solutes) developed by W, §. Groenier (33)
has been widely used for simulating countercurrent liquid-liquid
sxtraction processes. This report presents the general develop-
ment and resulting computer program, The original application
involved a dilute-Purex flowsheet proposed for recovery of
gpent LMFBR fuels. It has since been modified by S, B. Watson
and R, H. Rainey (34) who indicate other users, Included in
Reference 34 is a discussion of how to apply SEPHIS to practical &
solvent extraction processes, the updated version of the code, and 5
a set of user imput instructions, :

o I

13 g




ok
W

A report, Reference 35, describes the liquid-liquid extrac-
tion pilot plant at General Alomic Company in San Diego. The
report discusses the application of the Acid-Thorex process on
input feeds representative of those from HTGR fuels, This
report does not present models or transient responses, but
illustrates a valuable location of equipment upon which experi-
ments could be devised. These experiments could concentrate on
the transient response and be used to validate models,

Reference 36 presents the results of a study simulating
holdup dynamics to provide a better understanding of the
operating characteristics, As & result, the investigators
were able to design an online measurement and control system
that improved umit capacity by 15%, The paper summarizes the
material balance equations used, Comparison between the simu-
lation and the extractor showed good agreement.

A good review of dynamic simulation of liquid-liquid extrac-
tion performed by various investigators to 1969 is presented
by Pollack and Johnson (37). They review the various approaches
to process modeling and conclude that since "no work on the
dynamics of center feed columns with internal or external reflux
has been attempted” the application of previous studies to commer-
cial columns is difficult.

Mills and Bell (38) present results of their work to
develop the transient response of a series of mixer settlers,
The paper references the computer codes SIMTEX and QUANTEX. The
description of their model is not presented, Some transient
responses are shown to step changes in feed flowrate. This
article does not discuss holdun., The intent was to develop control
setpoints.

A varer by Burton and Mills (39) describes some earlv work
in the United Kingdom dealine with computer vroeram SIMIEX
(Simulation of Tributvl Phosphate Extraction Plants). The vroeram
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was adapted to evaluate flowsheets for countercurrent extrac-
tion of uranium-plutonium fuels in aqueous nitric acid with a
dilute solution of tributyl phosphate in odorless kerosene.
Transient response is not discussed although the paper implies
development in this area is to follow, The work by Milles,

et al., in the U.K. should be investigated further.

Reference 40 presents am outline of a model of a liquid-
liquid extraction column. Transient results obtained with the
ald of a 3-inch diameter, 20-foot high column are compared to
the model, The authors state "the resulting simulations indi-
cated that the models based on assumptions of non-equilibrium
and nonuniform mixing could be used to predict steady state times
quite well, The simulation results, when compared with the
experimental data, showed that these models whould have definite
utility in describing extraction columms in pracess control
computer simulations of equipment systems" The models are not
directly applicable to material contrel but again the approach
ig relevant.

Reference 41 presents the results of dynamic tests on a
3/4 inch diameter glass column with two or three plants. The
dynamic results are expressed in terms of amplitude ratio and
phase angle, The authors suggest that the work was exploratory
and was intentionally limited to a few plates because a con-
tinuous method of chemical analysis was not available for study-
ing the output. This paper is not particularly related to
material control but provides background information.

Reference 42 discusses chemistry and use of hydroxylamine
in plutenium extraction at La Hague. The paper indicates
several factors affecting efficiencies and presents experimental
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; data, The authors suggest twe plutonium concentration and
s purification flow sheets. Modeling is not discussed.

4 detailed listing of the continuity equation describing
the mass transfer in a two-phase continuous-countercurrent

extractor 1s given in Reference 43, The paper addresges the
transient response to a prescribed set of boundary conditions.

Reference 44 presents the development of a microscopic
gpace and time dependent hydrodynamic model of a stirred reac-
tor. The objective was to determine the sampling location pro-
viding the best estimates of bulk properties in batch and
semibatch reactors. The model was based upon distributed
material balances and includes reaction kinetics., The solu-
tion for the 120 nonlinear differential equation set was
obtained utilizing IBM's Continvous System Modeling Program
(CSMP) .

Reference 45 presents the development of a mathematical
model of a multistage mixer-settler, the so-called Cadman-Hsu
model. The model 13 developed from instantaneous overall and
component mass balances and results in a set of nonlinear dif-
ferential equations. The equations are linearized and summerized
in matrix notation, A4n example is presented in which a control
system is designed, Comparisoms to actual extractors are not
given, Reference 46 discusses the application of the Cadman-Hsu
model on a copper extractor, The author suggests that a less
complex model compares favorably when the chemical kinetics are
fast,

Reference 47 presents the results of experimentation with
a multistage mixer-settler. Models are not presented. The data
presented could be useful in developing models of liquid-liquid
extraction columns,
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Reference 45 presents a description of instrumentation
ugeful as in-line monitors and capable of providing continuous
indication of changing process conditions, The authors state
that the concepts presented should be adaptable to commercial
scale processing facilities. Models of such equipment should
accompany process models, particularly for those which would
be utilized for control purposes, but also to allow comparison
of similation results with measurable experimental data.

The basic chemistry of plutonium is preszented in Reference
49. Much of tha data necessary for wodeling the process will
be found in this reference.

reference 50 discusses a simple model of the hydrodynamics
of a centrifugal extractor. The modeling assumptions are deline-
ated and the resulting equations presented. The model is
linearized and the authors subsequently emphasized the control
study. Comparisoﬂ with experimental data is included.

Todd and Davis (51) give an interesting discussion of
centrifugal extractors. Experimental data is given on a pilot
gize unit and the paper discusses commercial size unit scaleup,
Modeling is not discussed.

Schmieder, et al,{53), present a good discussion of a
laboratory scale electrolytic mixer-sectler, Experimental
data are presented. Models are not discussed,

6.1.2 Driers-Calciners

A few papers are reviewed that discuss the modeling of
rotary kilns, None are directly applicable as they deal with
different materials but the modeling approaches are relevant.

A. Marritius, et al (53), present a detailed steady state
model development of a kiln. The equations developed could be
generalized to establish a dynamic model. The paper reviews
pther kiln models. The precess involved aluminum oxide but
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the modeling approach is applicable to other materials. The
author points out that "although rotary kilns are used in many
chemical processes, the math modeling represents a difficult
and incompletely solved problem.”

Reference 54 discusses a microscopic dynamic model of a
cement kiln, It presents a very detailed account of model
techniques with comparisons to test data, The model contains
at least three partial differential equations for emergy balance
and 12 partial differential equations for various material
balances, as well as at least 15 other algebraic relationships.
It contains good detalled discussion of the 'dynamics of a kilm,

A dynamic model of a rotary cement kiln is presented in
Reference 55, A summary of the equations and data required by
the model is tabulated, A good example of the equations required
to model a kiln is given, The authors report good agreement
with test data,

Reference 56 discusses testing performed on a cement
kiln to determine how to improve the control such that product
output rate is smoothed. They concluded that the kiln should
be treared as a multivariable control problem with digital con-
trol and that experimental studies of the process such as those
reported can provide insight needed to develop models., Detailed
model development is not presented but transient data for this
process is given, One conclusion is of special intevest: the
amoung of CO2 released is a good measurement of the caleining rate
and could be used to improve kiln operation., A similar measure-
ment in the plutonium conversion kiln may be important.

6.1.3 Grinders and Filters

Reference 57 discusses models of various processes which
include grinding, filtering and drying. The model development is
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difficult to follow and the models are not presented.

The authors suggest some interesting mezsurement instruments

such as radiometric concentration meter, a noncontact conductance
meter for measurements of solids in suspensions, and a high
frequency capacitance humidity meter.

An adaptive transfer function model of a rotary filter
was implemented in a digital computer to control a rotary
filter (58). The discussion of the model is sketchy, Empirical
relaticnships were used and given. The authors report suc-
cess in improving the contrcl of the filter but indicate
problems with the computer and the measurements, They were
successful in controlling the thickness of the filter cake,
and in producing a slurry of a specified coucentration and
consistency at the highest poseible rate,

6,1,4 Digester

The paper by Freedman (59) presents a control scheme for
a wood chip digester. The approach employed a semi-empirical
model of the process. The control was implemented by direct
digital contrel (DDC) wherein the predictor model was updated
periodically to conform to the changing process. Kalman filter-
ing techniques were applied to correer the measurement signals.
6.1.5 General Approach to Process Control with a Digital

Computer

A paper by Bornard and Badgerahanian (60) describes a
unique l0-year study to investigate the control of distillation
processes with a digital computer. They express belief that
the results obtained "would have escaped us to a great extent if
we had restricted ourselves to a simulation study alone." They
suggest that the experimental pilot plant was essential to success.
The paper suggests that they utilized the lacest control techniques
such as estimation, identification, adaptive, and multivariable
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control. They grant that "the modeling studies provided the
user with a better quantitative knowlege of the process itself."
Models are not presented in the paper. Several references to
articles in French are made,

6,2 RELATIONSHIP OF PAST MODELING TO MATERIAL ACCOUNTABILITY

There has been development work in mathematically charac-
terizing chemical process equipment., This work was usually
directed towards developing methods for controlling the process,
The assumptions made, such as holdup varying linearly with
aqueous or organic flow rate, may be insufficient for models
used in material accountability. The basic fundamental ap-
proaches can be carried over. The problem will be to accurately
determine the model parameters after the model is developed.
Validation of the models require extensive test and experimen-
tation. Validation need not delay model development, but rather
should follow it.- As the development of the model proceeds,
the basic experiments can be defined and planned. Also in-
strumentation can be specified,

As given in several critique papers, e.g., (61, 62, 63,
64) the single most difficult problem to overcome in process
contral and modeling is the lack of understanding of the process,
The lack of observability of the state variables incr:ases the
problem. The problem is further compounded if linear models
are ewployed when the process is expected to vary over a large

range,

There are two basic approaches.to model development. One is

the use of conservation theorems coupled with the chemical kine-
ties to develop nonlinear dynamic relations with parameters

empirically determined; Reference 26 is an example of this approach

The other is somewhat of a black box approach. Output obseiva-
tions in response to pulse imputs are made on the process at
varicus time slices and some technique such as Weiner filtering
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or other recursive realization algorithms(66) used to establish
linear, low-order dynamic relationships, Botl approaches can

be used as they complement cach other. The first approach
yeilds a more detailed understanding of the process, but involves
more detailed development work, The second is experimental in
nature and can be utilized to calibrate the first approach but
oniy at the operating point at which the empirical model was
determined,

Models of the instrumentation are required, In fact,
as mentioned in Reference 63, some new methods of instrumentation
must be developed. Models of instrumentation may be derived
by applying conservation theorems. The dynamic characteristics
are cbserved during calibration and testing and compared to the
results of the model. The dynamic characteristics are compared
to the frequency contents of the dominant modes in the process.
If the instrument is very fast, ou the order of 10 or more, in
comparison to the dominate process modes, then the instrumen-
tation model is reduced to am algebraic relationship. Imstru-
mentation is a source of noise which must be evaluated and
characterized with correlation functions. This data is included
in the final steps of modeling.
6.3  APPROACH TO MODELING PLUTONIUM EXTRACTION TO ESTABLISH

A REAL TIME RUNNING INVENTORY AND MATERIAL ACCOUNTING

One possible approach to the problem of real time material
accountability and safeguards is suggested. The basic features
are:

On line digital monitoring and alarm

2, Periodic tracer pulse calibration without shutdown
of the process

3. Mathematical representation of the process in the
digital monitor,
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4, Development of instrumentation to cbserve the state
of the process, in particular isotopic composition
The appreoach is not without problems., The question of accuracy
and model uncertainty must be addressed, If these answers are
negative, the model will not perform in a manner to allow
material accounting. The approach is:
1. Develop a math model of the physical process
using fundamental conservation theorems coupled

with chemical kinetics and implement this model
on an online digital computer,

2. Develop instrumentation to abserve variables
in the process and transmit them to the digital
computer using multiplex techniques.

3. Develop an estimate of the state of the process
by an appropriate technique such as Kalman
filtering,

4. Compare.the estimate of the state to the predicted
state, and alarm the operator if a deviation is
apparent, otherwise log the process characteristies,

5, Calibrate the digital math model periodically via
tracer pulse techniques.

6. Perform a physical inventory to establish buildup
of residue in the process,

To implement this approach will require the development of
several software and hardware items. First, the process must
be modeled. An approach similar to that in Reference 26 is
recommended. The model must be validated. This validation
is critical requiring experimentation and testing, An evalu-
ation of the holdup of the process streams is a critical para-
meter to be established in these tests. An evaluation of the
accuracy of material accounting will be established by this
experimentation.

Instrumentation must be developed and characterized. The
noise inherent in this equipment must be characterized and
combined with model uncertainties. The drift of the Instru-
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mentation and of the process itself must be characterized
preferably by experimentation. These characteristies should be
modeled and built into the digital computer monitor. The
relationship of the tracer pulse and accuracy of that techniuge
must be examined.
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APPENDIX 1
COMPUTATIONAL METHOD FOR MATERIAL BALANCE UNCERTAINTIES

In this Appendix, the key parameters used for the compu-
tation of the material balance uncertainties are defined, and
the computational methods are presented.

The method used to compute materia%;balance uncertainty
is described in detail in the PNL studyQ )The following
equations were used,

Material Balance Uncertainty (2 sigma) = 2o

. where )
cz = E.oi (flow) + X oi (item inventory) +
h| .
IN, ":zc (bulk inventory).
k
(tlow) = @ngF? {emng) + oim) + o

i = index for each flow stream (feed, product,
- ¢lean scrap, dirty scrap, liquid waste,
solid waste, analytical samples, etc.).

F, = average quantity of plutonium per batch or
unit time period in the ikl flow stream.

= average number of batches transferred or unit
time periods elapsed for the itR flow stream
per calibration period for the plutonium assay
instrumentation.

m, = average number of calibration periods for the
iEB flow stream per accounting period.
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the i*3 flow stream per accounting period

(miniFi) - averagﬁ quantity of plutonium transferred in
' " one-gigma relative random measurement uncertainty.

2 2 2

3 r r
ri - Nwl 43t al
wi Tsi Tal

T, = one-sigma relative random uncertainty associated
with weight, volume or NDA measurement.

N = average number of weight, volume of NDA measure-
ments per batch or unit time period.

r_ = orne-gigma relatiye random uncartainty associzted
with sampling.

N_ = average number of samples taken per batch or
unit time period.

r, = one-sigma random uncertainty associated with
laboratory analyses of plutonium concentration.

N¥_ = average number of times each sample is analyzed
for its plutonium concentracion.

Py = one-sigma relative short-term systematic measure-
ment dncertainty.

2 2 2 2

Py " Py + Pei * Pai

P, = one-gigma relative short-term uncertainty
assoclated with weight, volume or NDA measurement.

Py ™ one-sigma relative short-term uncertainty
associated with sampling.

P, * One-sigma relative short-tern uncertainty
associated with laboratory analysis of plutonium
concentration.

q = one-sigma relative long-term systematic
measurement uncercainty

2 .2 2 2
qi Wt * Usi + 9%y

9, 9 and q, are defined in the same manner as Py Pg and Py

2 2.2 2 2 ¢2,.2 2
& + Q.. " . + “ +
uj(item ;nventory) (ij CEJ)Ier + (CbJ Cej)Ij(pJ qj)

j = index for the jEB type of item container

Gb and C j = average number of jtR type of item containers,
i each with an average plutonium content of
I,, which are counted® at the beginning and
ead of an accounting perlod, respectively.

¥
Pluronium containers which remain sealed throughout an accounting
period are not counted for purposes of determining material’
balance uncertainty.
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rj' pj and qj are defined in the same ganner a8 1t Py and q-
oﬁ(bulk inventory) = (I%k + ng)ri + (¥FD) (I - Iek)z(Pﬁ +.Qi)
+ @) (i, + 1) @l + .

k = index for the kB type of bulk storage container.

Tk and I, = average plutonium content of the kth type
e of bulk storage container at the beginning
and end of an accounting period, respectively,

T P and q, are define? in the same manner as ropy and 9.

FD (Fraction of Difference) and FS (Fraction of Sum) are
fractions which add to unity. It Is appropriate to
uge the difference term (i,e., FD = 1.0 and FS = 0)
when the plutonium content of a bulk storage container is
determined in a manner which suggests that systematic
uncertainties tend to cancel so that the net uncer-
tainty is determined by the difference between two
measurements., Alternatively, it is apprepriate to
tise the sum term (i.e., FD = 0 and FS = 1.0) when the
nature of the measurements indicates that the.sysismatic
uncertainties are additive. For the PNL results‘“/ given
below, the computations were performed with FD = 1,0
and FS = 0. The SAI results reported here were
computed with FD = FS = 0.5.

Nk = number of the kth type of bulk storage containers.
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APPENDIX 2 ‘ -
NEUTRON AND GAMMA RAY EMISSION RATES AND GAMMA
ABSORPTION COEFFICIENTS RELATED TO HOLD-UP MEASUREMENTS

NOTICE

“Fhis report wak prepared as ap aecount of work
sponsored by the United States Government, Neither
the Unjted States nor the United States Energy
Research & Development Administration, nny eny
of thely emptoyees, nar any of their cantracior,
wbcontnactors, or theis emploees, makes any
warranty, exgieess or imptied, of assumes any tegal
Hability  or  sesponsibility jor the scrurmy,
completenoss a7 uséfulness of any information,
apparatus, product ot process disclosed, or
sepresents  (hat  its use would nol  infrege
privately-owned rights.”
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TABLE A2-1, TIMPORTANT GAMMA RAY LINES

Energy Intensity

Isotope (keV) photons/sec/g
735y 185,72 4.3 x 10°
238y 100110 1.0 x 107
766 .40 3.9 x 10!
852-883 1.2 x 10%
238py  £(320-430)%* 1.3 x 10°
413.69 3.4 x 10%
375.02 3.6 x 10
129,28 1.4 % 10
51,63 4.7 x 10°
240p,, 45.23 1.8 x 108
28lpgrex  332.36 1.1 x 108
207,98 2.0 x 107
164.59 1.8 x 108
148,60 7.5 x 105

241an 59. 54 4.5 x 1010

242Pu None

*

Radiatio% from the decay of 238y daughter
product 34mpa, Intensity given for
equilibrium condition,

**This is defined loosely as the "385"
keV complex of gamma ray lines,

*
*Radiation from the dgﬁay of U which results
from the o decay ot Intensity given

for equilibrium conditi. n.
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TABLE AZ-2.

SPONTANEQUS FISSION OF
FISSIONABLE ISOTOPES

: Sp. F. Half-Life Yield
Isotope (year) v Sp.F,/sec/g
282 1.4x 10" 41 x1070
24y 2.0 x 101° ~3 2.8 x107
235y 1.9x 10 ~2  2.96x107
236y 2 x10' ~2 28 x107
By gsex10 195 Seaxio
238p, 4.9x 101 2.26 L1 xt0®
2%, 5.5x 1015 2.2 L0 x107?
240p, 1.17x 101 217 4.7x10°
#lp 5.0 x 101° 2.2 L1 xW02
M2, 6.8x 1619 216 8.0 x10°
Mlam g xo! 2.3 2.1x107
2524 86 5.8 614x 10!
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TABLE A2-3,

{o,n) YIELDS FROM OXIDES AND FLUCRIDES

. Yield
Material neut/sec/gram isotope

%o, ~14
B4, 5.8x 107
2%yp, 12.2x 1072
2yr, 12.9x 1073
28pu0, 1.4x 104
28pur, 2.1x 10°
w0, 15
2pur, 4300
Mpyo, 170
Mpyr, 1.6x10%
2lpuo, ~10
%lamo, 3754
242PuO2 ~10
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3.

ERRATA Sheet For
'SAI-76-747-L3
(Material Control For A Reprocessing Plant)

Page 38, lst paragraph, line 11 reads

with approximately 0.2% of the U and 47 of the Pu that
entered - - -

should read: with approximately 0.2% of the U and <1%
of the Pu that entered - - -,’

Page 62, 8th line from bottom of pége reads

4"%5" Nal with Pb filer (15 cm).
gshould read: 4"x5" Nal with Pb filter - - -,

Page 64, last line reads

0.5 (NHZ)2 SO4 solution is oxidized to the « = = - «
should read: 0.5M H2504 solution is oxidized to the - ~ -,
Page 69, 2nd paragraph, 3rd line zeads |

tory area. This includes radioactivity hot process - - - -

should read: tory area. This includes radioactively hot
process = - = = -

Page 73, last line reads
operations and hopefully, lowering the material assessability

should read: operations and hopefully, lowering the
material accessibility - - -

Page 76, 3rd line from bottom, delete the word or

should read: specific, Table 9 lists the NDA methods along

.- With some

Page 79, 7th column, entitled Sensitivity Range, first entry
should read (see Fig. 13).

Page 92, center callout reads

LIQUID
BETA

should read  LIQUID
ALPHA
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ERRATA SHEET
Page Z

9-

i0,

11,

12,

Page 95, Bth line down reads

described. The section 1s concluded by summarizing the
findings and recommendations.

ghould read: described. The section is concluded by
summarizing the fundings and recommendatioms.

Page 95, last paragraph, l0th line, remove apostrophe
after the work symbols.

should read: The definition of the symbols appearing - - -

Page 101, 14th line reads

is greatly enhanced. This is demonstrated in the measurement

ghould read: 1is greatly enhanced. This is demonstrated

by the ratio of the measurement - - ~ - - = - =

19th line add the word its

should read: of the holdup measurement and the desirability
oF its improvement - - -

Page 110, Table title should read:

MEAN FREE PATH (1/I(TOTAL), cm) FOR PHOTONS - - -

Page 114, 3rd line, should read:

configuration makes the gamma measurements reliable because

. 4th line from bottom of page - delete the a and add semicolon.

gshould read: errors. The latter consists of:
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ERRATA SHEET
Page 3

13.

14,

15.

Page 119, 3rd paragraph, 8th line reads
through the agreement between the two - = = « = « = = < =

ghould read: though the agreement between the two - ~ - -

Page 122, 9th line reads ‘

radiation attenuation and scattering factors; don't buy pipes,
should read: radiation attenuation and scattering factors;
don't bury pipes,

Page 131, 2nd paragraph, 3rd line reads

and coprecipitation of uranium duirinate and plutonium - - - -

should read: and coprecipitation of ammonium diuranate
T plutonlum - - = = - -



