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ESTIMATION METHODE FOR SPECIAL NUCLEAR MATERIALS HOLDUP*

K. XK, 6. Pllley and ®. R. Picard

Los Alasos National Laboratory

Los Alamos, NM B7345

ABSTRACT

The potential value of statistical models for
the estimation of residual inventoriss of speclal
nuclea: materials was examined using holdup data
from processing facilitiss and through controllsd
experiments. Although the measurement of hidden
inventories of special nuclear materials in large
facilitier is a challeriging task, reliable esti-
nates of these inventories csn be developed
through a combination of good measursments and
the uss of statistical models.

i. INTRODUCTION

Oone of the basic elements of s system for
materials safeguards is materials accountsbility,
which includes messurement. sccounting, and other
procedures designed to provids an accurate knowl-
edge of ths quantities and disposition of mats-
rials. Section 70.51 of Titls 10 of the Code of
Federsl Regulations requires. in part, that cer-
tain licensees of special nuclear msterisls (SNM)
conduct at specified intervals physical inven-
tories of 8NM in their possession under ths
license. The accumulstion of S8SNM in process
squipment es hidden inventoriss in the foram of
residual holdup following shutdown., draindown,
and cleanout generally has sdverse effects on the
quality of physical inventories and o1 matsrials
control programs. Residual holdup i3 cheracter-
ized by the materials that sre difficult to
locate, sampie, identify, snalyze, snd quantify.
The residual holdup of SNM rpay be defined as the
inventory component remsining in and about process
equlpment and hcondling areas after thoss collec-
tion aress havs been prepared for inventory.
Regulatory Guides 3.37 and 5.2) provide guidancs
for the ssssy of rssidusl uranium! and pluto-
niue? in processing feci)ities.

Matsrials genurally sccumulatn in crecks.
pores., and zones of poor circulstion within and
around prouess equipment. BSome processes lesd to
the sccumulstion of sizable and, sooetimes. con-
tinuslly increasing amocunts of SNM in difficult-
to-recover form The interior surfaces of process

*This investigation wss supportsd by the UB
Nuclea. Regulatory Commission.

vessels, plumbing, ductwork, glove boxes, and fil-
ters often becomes coated with SNM during materials
processing. In addition. SNM may chemically in-
teract with the camponents of the process equip-
rent, causing another form of holdup. The amount
of SNM in residual holdup must be small for effi-
cisnt processing and for hazards control. In
practice, however, the total amount of SNM holdup
is significant rulative to plant inventory dif-
ferences. This points to the need for better
design of processing facilities and improved
methods of holdup estimation.

As a result of the stringent reqguirements for
the timely detection of the losses of SNM and in
recognition of the difficulties of measuring hold-
up, the US Nuclear Reguiatory Commission sporwored
a research study at Los Alamos Nationsi Labora-
tory. The primary cbjactive of this investigation
was to explors the possibilities of developing
statistical estimation models for the holdup of
SNM st processing facilities. Ths tesk of gather -
ing holdup information and the development of
holdup estimators for specific processes underwent
several stages of exaninstion. Historical data
available fram highly enriched uranium (HBU) proc-
essing facilitiss. which were gathered ss part of
periodic inventory development., were first conrid-
ered as a readily avsilabls source of long-tsrm
holdup dsta. Unfortunately, the poor quality of
these data made this source of informstion of
linited value to statistical model development.
Ths next step in gathering good quality holdup
data wes through carsfully cesigned messurements
of B8NM holdup at two ol the matarisls processing
facilities of the Los Alamos Nstional Laboratory.
Bslected messurements conducted ov r s period of
ons year mhowed that certain equiprmeat, such as
air filters and cslciners, lent themselves to good
quality ho.dup measurerents snd model develosment.
The value of these models was further confirmed
when cont-olled experiments wsre performed involv-
ing high quslity dsta collection using radiocactivs
tracers. Complete details of the messurenent
methods used during this investigstion and thu
modeling spproaches sre contained in the Jinsl
project rsport submitted to the NRC.3

In the following sections. we summarize s few
of the controlled experiments and process fscility



measurements carried out during this investiga-
tion. Mathematical models are provided to illus-
trate the different approaches used in developing
estimation models of residual holdup.

11. CONTROLLED EXPERIMENTS

The controlled experiments wers designed to
measure uranium holdup accumulated during dust
generating operations of fuel fabrication. feed
dissolution processes, ammonium diuranate (ADU)
precipitation and calcination. pulss column opera-
tion, and the circulation of uranyl solutions
through pipes and pipe fittings. Total throughput
of uranium in these experimental facilities ranged
from 50 kg *to about 5J tonnss. The quality of
measured holdup dats during these ccntrolled ex-
periments was improved by at least an order of
magnitude through the use of carefully selected
radicactive tracers and specially designed csli-
oration standards. fracere, at concentrstion
levels of about one part-per-billion, were homoge-
neously incorporated into the process materjais.
Considerable attention was paid during there ex-
periments to fabricate instrument calibration
standards cocpatible with the equipment measured
and the distribution of holdup therein. This
improved the quality of holdup data from nonin-
vasive, nondestructive assays using gamma-ray
spectrometry.

Four unit processes chosen for controllsd
experimental study were
(1) an ADU precipltation and calcination proc-
838,
(2) a Just generating operation at a HEU proc-
essing facility.
(3) a 1iq.1id-1iquid extraciion systsn. and
(4) a solurion loop system circulating uranyl
solutions.
Complete dexcriptions of these experimental fscil-
ities and detailed discussions of results are
presented in Ref. 3.

Because of epace linitations. only the experi-
mental study pof holdup from ADU precipitstion and
calcination 4is considered in detail liere. We
simulsted the gsnerir process 1involved in ADU
precipitation and calcination snd measured the
hcldup of uranium _n a dissolver, a bstch precipi-
tator column, ssveral filters., a cslcinsr, aend
severa! cslciner trayc.

During thir sxperiment, 46gc was usad ss a
tracer *o measurs the residusl amounts of ursnium
in the processing squipment using noninvssive
gamma spectraometry. Ths precipitation column used
for this expecinent was a stainless steel cylin-
der, 20 cm in diamater and 1 m in height. Asso-
ciatad equipmert used for precipitation of ADU is
shown schematically in PFig, 1.

Uj0g wess wuavd as the starting material
for this axperiment. Rach batch containsd 1 kg
ol uranium, which was dissolved in nitric scid,
snd to this solution 488c tracer (2108 aq)
was added as B8c3*. The uraulum hitrata solution
was vicuum-trensferred to the precipitation column
and precipitstsd ss ADU usiilg NH4qOH, while the
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rFig. 1.
An isometric view of the ADU precipitation column:
Q@ solution transfer. ( ammonia udditicn.

contents of the precipitation column were agitated
vigorously by a circulation pump. The ADU was
filtered using large Buchner filters, nnd the ADU
cake was calcined in a Lindberg furnace. This
process was repeated until s totul throughput of
352 kg of uranium through the experimental system
was obteined.

After each batch processing. the uranium hold-
up in the dissolver. precipitator column, filters,
calciner tresys. and the calciner were measured
nondestructively using a specially mounted NaI(Tl)
detector-based gamma spectrometry mystem. BSeversl
Cleanout neasurements were also performed during
this seriss of experiments to confirm the NDA
measursments of holdup. The NDA measurement data
were used to devslop holdup models for the various
pleces of equipment used in this experimental
study.

The WNDA mes3jurement of the holdup of uranium
in the precipitator column offered more challenges
than the other equipment used in this experiment
The rssiducl ADU in this sppsrstus was noat uni-
forgly distributed, although the profile of this
di:}ributioﬂ remainvd more or lass the same while
the) experimental conditions vere not sltered. The
hﬂdup profile of ADU in the column was periodi-
celly monitorad using a msmall, essentislly un-
shieldsd NaJ(Tl) detector setup ("Samson,” manu-
factursd by Eberline Instruments Co.z to count
the high-energy gamma rays from the 6sc trecer
used in these experimente. The spstial resolution
of the detector wes about 6 cm FWHM for the column
geometry. The lsngth of the precipitator column
was divided into 16 equal segments. and 17 meas-
urementz were made at the boundaries of these
ssgmentns, Detsils of these profiles sre further
discussed in Bection 1V,

III. HOLDUP MEASUREMENTS AT PROCESSING FACILITIES

As psrt of this investigstion. holdup measure-
melits wers conducted st three processing facil-
ities. The various pieces of equipment involved
in these holdup messurements were

(1) high-efficiancy psrticulate sir (HRPA)

filters at the plutonium processing fscil-
ities of Los Alamos:



(2) sevsral air filters and batch calciners,
a continuous precipitator. snd s rotary
drum filter at the uranium scrap recovery
facility at Los Alamos;: and
(3) several air ducts et the HTGR fuel fabri-
cation facilities of General Atomic (GR)
Technologies, Inc.
Again, because of space limitations we present
only the details of the HEPA filter measuremants.

The holdup measurements of plutonium on HEPA
filters were performed using a shielded and col-
limated NaI(Tl) datector installed on top of a
glove box about 18 cm from the HEPA filter. A
multichannel analyzer systea was used to scan ths
gamma spectrum, and the 320-470 keV region was
integrated to estimats the holdup on this HEPA
fiiter. Calibration standards for this detector
system were fabricatsd to resemble the filter
being measured. using known amounts of PuO;
dispersed on a similar filter medium. Transmis-
sion and attenuation corrsctions were determined
using a thin source of PuD3.

Confirmatory measurements were performed on
the filters at the snd of the experimen: period
using a neutron coincidence counter to determine
the plutonium content. The coincidence counter
measursment was within 8% of the in-place NDA
estimates of the holdup of plutonium.

IV. MODELING APPROACHES

A __introduetiof,

Like many physical processes, the accumulstion
of holdup is amenable to modeling. when facility
operation is stable, ths holdup in a plece of
squipment behaves as a smooth function of time,
perhsps grsduslly incresming or remaining (nomi-
nally) constant. This aspect of “temporal conti-
nuity” in holdup behavior can often be captured
through modeling. A “spstial continuity” may
exist as well. Por sxample, holdup at s psrticu-
lar location may be very sinilar to tnat at locs-
tions nsarby. Proper combination of 11 such
relevant information (formalizad through use of a
nodel) lesds to holdup estimation much improved
over rslisnce on s singls measursment value. A
mwore lengthy discusslion of holdup modeling is
given in Ref. §.

In cucceeding sections, rssults srs discussed
from seversl controlled experiments where holdun
wes csrefully studied. Thess experiments sarved
to {llustrste s veriety of points. including whea
modeling is useful and when it is not. Also., the
benefits snd limitations of modsling in a number
of circumstances bescame aJ.parent.

&, "odeling With Remspect to Time; Increqasing

Holdup

Consider dsta obtainsd irom four air filters
snd displsysd in Fige, 2 and 3. holdup on fil-
ters. like holdup on many other pieces of equip-
ment, undergoes something of a life cycls. The
initisl conditions of 1littls or no holdup are
followed by s gradual accumulstion of material.
Finally., tha filter is rsplaced (or. more gener-
slly, the squipment 4s cleansd out) and the cycle
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Holdup data from a filter at a plutonium
processing facility.
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Holdup data from air filters used in dust
generation expsriments.

begins snew. Fiqure 2 displsys data collected
ovar a 6-month period from a filtar st the Los
Alamos Plutonium Pacility and shows the temporal
continuity described above. Pigure 3 summarizes
ths results (f three filters from tiie uranium
dust generation experimerts conducted in s glove
box. A complets listing of the data cen be found
in nef. 3.

In all ceses, tha holdup accumulation on the
f’ltars ia well fit by the morel

h(t) = at + #t2

where h(t) 4is the amount of holdup on the filtsr
when the throughput is t kg, and a snd B a.s
constants. Curves of this form are superimposed
on Fies. 2 and 3. Tha lattar figurs clearly shows
tns dJdependsnca of the constants o and 8 on ths



specific operating conditions involved and dsmon-
strates that a model developad for one set of con-
ditions may not apply under another.

Central to good predictability in thess ex-
periments are two factors: the high quslity of
measuremant date and the stable operation of the
process. Thd quality of data is important because
largs mearurement errors can easily obscurs the
mature of material depeosition and make difficult
the axtraction of s model. If measurements are
obtsined infrequently, problems are compounded.
The second important factor concerns process oper-
ation. Wwith respect to Fig. 3, it is not diffi-
cult to 1imagins tha results of a hypotheticsl
experiment, the first half of which would ba con-
ducted at low airflow and ths sscond half st high
airflow. More gsnerally, 'if the airflow changed
often, the increase in holdup would not be nearly
as smooth as for the curves of Fig. 3.

These experiments indicate that holdup can
be described very well through the use of models.
Grented. ths controlled expsriments represent
"best-case” situations and thst conditions st
facilities are not so idealized. Nonetheless, if
adequate 1importance is attached to sstimation of
holdup in a particular pisce of equipmant, meae-
ure:nents of reasonable quality can usually be
obtained. Wwhen process opsration is sufficisntly
stable, models ars quite useful.

Holdup on ths filters hera is wel) estimated,
sven st times when no dsta are obtained, such ss
at t = 9 kg in Fig. 3. Moreovsr, holdup behavior
can be accurately predicted for a limited time
into the future. When predicting futurs holdup,
there srs two lmportant considerstions to keep in

mind. The first is that it is implicitly assumed:

thut the nsture of procsss operation will rsmain
(nominally) the same as that for which the model
applies. Ths second conslderation concerns the
nature of the standard deviation of predicted
valuss. As would be cxpected, ths further into
the future a prediction is made, the less accurate
it is likely to be. Maintaining good estimation
requires that measurements be obtained periodi-
cslly snd used to update the fitted model. ‘The
frequency of dsta collection dupends on the de-
sired sccurscy of estimation.

The procedurs for modsl updating 1is rsls-
tively simple, VWhen s new meseurement m(t) is
obtained at throughput t, it is compsred to its
prediction f(t) from the modal, which él bassd on
previous dsta. The diffsrsnce m(t) - hit) should
fsll within a prescribed range--say, plus or minus
three standard devistions of tha differenca. If
so, m(t) 1s added to the pravious dats and param-
eters in the model are rs-sstimated uring all
availsble information. On tha othsr hand, if the
difference is too largs, this is an indicstion
thst the model may have brokan down or. perhaps,
the messurement is an outlier, 1In either case,
further investigatica is suggestsd.

€, Modelins
Consider ths measurement history for ths cal-
ciner of tha ADU experiment at lLos Alamde (Fig.

i

4). Holdup here does rot foliow the 1ife cycle
behavior exhibited €for the filters. Instead,
beginning from a clean state. a briaf initial
increase in holdup is followed by long-term fluc-
tuation about steady-stats conditicrs. Process
variability plays a major role in estimatiop:
other information concerning the meesured values
indicatss that observed diffsrences in measure-
wments during the steady-stats period are not
solely the consequence of measurews,it errors but
that the actual amount c{ material is also chang-
ing.

Modeling of steady-stste processes is not
difficult and typically inveolves Xalman filtering.
This mathodology, developsd in the early 1960s,
has been applied to a wide variety of engineering
problems. Applications in mafegquards. however,
are camparatively few, and it has been uquutad6
that the ostensibiy esoteric qualitias ot Xalman
filtering have precluded acceptance by safeguards
audiencss. If true, this srtate of affairs need
not continue. A major benefit of the Kalman fil-
ter is its ability to incorporate process vari-
ability; L.e., variadility in the actual amount
of holdup over time. The messurer. nt nisiory
from a poorly measured but stable process might
strongly resemble the history from a well measured
but unstshle procass. Thus, holdup estimation
crucially depends on the relative magnitudes of
measuremant srrors and normal process variability.

Ths basis for the Kalman filter lies in the
measurement and stats squstions. For the ith
rmeasured value, m(ty)., obtained when the through-
put is ty kg, the measurement squation is

B(ty) = h(ty) + e(ty) .

where h(ty) denotes ths actual holdup and e(ty) is
the measurement error. Most models presume e(ty)
is normally distributed with mean zero «nd stan-
dard devistion og. OQtnersll ., oy can bs estimsted
from measursment contro) information.
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rig. 4.
Holdup data and model for the calciner.



The state equation 1is
h(ty) = h(ty_)) + e(ty)

and reflscts the steady-stats character of the
procers. The difference h(ty) - h(ty_)) = «c(ty)
in ac..al holdup between throughputs ty_; and ty
is assumed to act as a random variable with mean
zero and variance (ty - ty-))of. For ths celciner,
measurements are obtained with each kilogram of
throughput, so that ty - ty.) ‘s always one.
Had measuremer.ts been obtained that were unequally
spaced, some of the ¢(ty) would have been
pors variable than others. A simple intsrprsta-
tion is that the change in actual holdup over the
intsrval (tj-)., ty) is likely to be small if
ty-] and ty are close together, but is likely
to be larger otherwise. That var(c(ty)] {is
proportional to ths width of tha interval (ty-;.
ty) evolves from viewing this intsrval as a union
of smaller, independent subintsrvals.

The steady-state model outlinsd here is ans-
logous to ths ARIMA(O0.,1,1) structure of conven-
tional time series analysis. Also. process vari-
atility <can be incorporated into models where
holdup is increasing. More detalled discussions
of Kalman filtering can be found in the liters-
ture.’

Measursd values (m(ty)} and estimates of
measurement variability om ard ,.-"ess verisbility
op are input to the Kalman filteg. +hich produces
estimated values of holdup (h(ty)}. For the
calciner, these estimates are connected by line
ssgments in the steady-stats portion of PFig. 4.
It can also be noticed in Fig. 4 that following
tha steady-state portion of the dats, s marked
increase in holdup began sfter throughput tgg =
40 kg. This increase was caused by s change in
experimentsl conditions: the calcining tempers-
ture, previously 800°C. was raissd to 900°C st
thet time. The resulting impact on holdup is a
vivid indjcation of how the nature of material
deposition can be very dependent on opsrating
conditions.

D, ¥odeling Wi

For large pieces of equirzent. such as a
pulse column or a precipitator it is not pos-
sible to accurately estimate holdup at a particu-
lsr time based on s single nondestructive msasure-
ment. The accumulation of holdup can be nonuni-
form scross space; e.g., different sections alnong
ths length of a precipitator column csn contain
different concentrations of material. It 1is
necescsry o scqQuire measurements from different
locations to estimate the i.oldup profile.

As an example, consider the precipitator used
in the ADU experiment. At each of 17 locatlons
slong the column, concentration measuresents
(yrams of holdup per unit length) were obtained.
One such sst of date is displsyed in Fig. 9,
plottsd for conventsnce in iog scale.

It is cleay thst holdu. is not uniformly
distributed on the intarior of the precipitator.
Large accumulations i1 the upper portions of the

rig. 5.
Heldup profile of ADU from a pracipitator coluwm.

column are caused by violsnt chsmical reactions
that lead to phase chancem whan <he NrglH con-
tacts the uranyl nitrats solution. some of the
ADU formed at this inter. -3 is splashed onto the
interior surface above the liquid level. At the
bottom of the column, the process of draining :he
ADU leads to the transport of material there and
thus r_ightly increased residual heldup.

Once an estimated profils is obtained, mathe-
matical intsgration of that profile provides the
sstimate of holdup. The same approach can be
esasily extended to cover materisl dspositsd over
large two-dimenmional areds: fiitsd contours are
developed and then integrated. This type of
modeling is analcgous to response-surface method-
ology and is discusssd in many statistical texts.

Also, holdup can be modsled with respuct to
both space and time. This requires estination of
a tise-varying profiie. Detailed illustration of
such modeling and examples are given in Ref. 3.
Certain aspects of multivariate time ssries analy-
sis may be applied to such problems.

V. CONCL.'870NS

The major findings of this investigation are
the following:

(1) Measurement of the rssidual holdup of BWM
at large procassing facilities is a difficult
problem and will remain so becausa of the inhersnt
limitations of plant layout and NDA techniquus.

(2) There sra2 seversl approaches to improving
the quality of measurements involving better in-
strumentstion, better calibration standsrds. and
the applicat’on of carafully chosen secondary
messurshent techniques.

(3) statistical estimation models can plsy
an important role in materials accounting. De-
tailed knowledga of procass operations. verisbil-
ity of process conditions, snd quality of measure-
ments impact the value of modal-Dased estimatas.

(4) significant improvements tv holdup meas-
uremants and data collection for holdup estimation
can be schisved if thsse problems ars sddisssed
during the dssign stages when new eguipment 1is



ingtalled and the necsssary featurss are incor-
porated to accamplish the measurement goals.

There are corsiderable difficultiss auwso-
ciated with the measuremant and the development
of reliable sstimates of the holdup of BMM in
large processing facilities. Materials accumu-
lating on the surfaces of cracks, porrs, and zones
of poor circuiation of process equipment ara not
sasily measursd by conventional methods. This
exanination of the rpotsntial value of developing
statistical models that are useful for holdup
pradiction leads us to conclude that thers are¢
many instances in which modeling can >e beneficial
to developing estimates of the residual inven-
tories of SNM. The value of the statistical model
ie very much dspendsnt on the quality of the hold-
up data used in the development of such a model.
If the operating conditions are subject to fre-
guent changes and/or the measurement srrors are
very large, it is unrealistic to sxpect the devsl-
opment of useful estimation models under such
conditions. On the other hand, if the process
operation is stable and the holdup data gathersd
are of good quality, the modols deveioped can be
very veluible to making present and future ssti-
mates of 1oldup.

The {indings of thie investigation also re-
vesled that several factors such as the layout of
pipes. corrosion of materials of construction.
concentrations of solutions., etc., impact holdup
of materials in procsssing facilities. and in many
instances the holdup of S8NM is not simply a func-
tion of ths material throughput.
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