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LEARNING TO LIVE WITH HOLDUP*

K. K. S. Pillay, and R. R. Picard

Safequardr Systems Group, Los Alamos National Laboratory

Los Alamos. NM 87343

ABSTRACT

Holdup of special nuclear materials in proc-
essing facilities 1s recognized by facility opera-
tors and regulatory agencies as an insidious mate-
rials control and accounting problem. However.
there have been few serious efforts to address
holdup as a materials accounting problem and to
accommodate the legitimate concerns of both
groups. This paper reviews past efforts and iden-
tifies several key elements relevant to resolving
the problem in a pragmatic fashion. These key
elements relate to the recognition of holdup as a
serious materlals accounting problem, innovations
in holdup monitoring and their limitations. the
role of modeling and sampling in holdup estima-
tion, and the potential value of plant-specific
materials accountebility requirements. Sugges-
tions are offered for developing cost-effective
procedures for holdup measurements/estimation,
combining available technologies with properly
designed sampling plans.

I INTRODUCTION

Holdup of special nuclear materials (SNM) is
defined as the matorial remaining as residual
inventories in process equipment after the runout
of bulk material. Thus, holdup is different from
in-process inventory. It is a hidden inventory,
distributed over extensive surface areas and in
numerous process equipment., The fact that it 1is
"hidden" lends itself to interpretation as uniden-
tified loss and diversions. 8Since unidentified
losses or diversion are seriocus safeguards con-
cerns, holdup is a problem that needs to be ad-
dressed during all phases of plant design, safe-
guards system design, construction, process devel-
opment, and process safety assurance.

There are numerous examples of reported large
inventory differences (IDs) at DOE facllitlies and
NRC-licensed facilities. Different interpreta-
tions have been given to those IDs by facllity

*This work supported by the Nuclear Regulatory
Commission.

operators ("holdup is a fact of 1life”). regula-
tors ("how should these numbers be properly
explained?”), and the mediz ("hcw many bombs are
missing?"). These large IDs often have been sub-
sequently proven to be caused by holdup. Emerging
stringent demands on special nuclear materials
accounting have created a new awarsness about the
probleme of holdup--new, that is, vo some process
engineers, administrators, and regulators. It is
desirable for the entire nuclear materlals produc-
tioh and safeguards community to learn about hold-
up and to live with it, because these problems
cannot be wished or legislated away.

IT. MECHANISMS OF HOLDUP

Holdup is not a new phencmenon. Materlals
generally accumulate inr cracks, pores, and zones
of poor circulation within and arcund process
equipment. Some processes lead tc the accumula-
tion of sizable and sometimes continuously in-
creasing amounts of materials in difficult-to-
recover form. The walls of procoss vessels,
plumbing, ductwork, glove boxes, and ‘ilters be-
come coated with SNM during processirg. In addi-
tion, SNM and its often corrosive chem!cal envi-
ronment may interact with the componeints of the
equipment and become tenaclously adhered to the
surfaces, causing another form of residual holdup.
There are other mechanisms of material accumula-
tion in process vessels, including:

. unplanned buildup in pipes and ducts duve to
poor layout and construction features:

. electrostatic depomition of particulates:

. post precipitation due to delayed reactions;
and

. coagulation and sedimentation in storage
tanks.

From a detalled kncwledge of process chemis-
try, behavior of material forms within a plant,
and plant layout, it is possible to reasonably
predict the locations of holdup deposits during
normal operations. However, depending on frequen-
Cles of process upsets, quality of facility main-
tenance., operational skills of the personnel,
cleanout practices, and plant throughput, the
magnitude of holdup can vary drastically trom one
plant to another using the same process.



III. STATUS OF HOLDUP ESTIMATION

The role of holdup as a problem in nuclear
material safeguards was recognized very early in
the US.L PFor holdup measurements. in situ assay
techniquas are preferable to process-disruptive
and time-consuming cleanout measurements. The
general principles of these nondestructive radia-
tion weasurement techniques are well understood,
and their applications to safeguards measurements
are described in detail in several publications
prepared for the safeguards community.2:3 Assay
procedures acceptable to regulatory staff are de-
tailed in regulatory guides for the measurement
of uranium and plutonium.4/5 Accuracies in holdup
measurements are generally poor5:7 because of com-
plexities of the residual deposition patterns and
the attendant calibration problems for nondestruc-
tive assay (NDA) measurements. Other factors that
contribute to poor measurements include high back-
ground cadiation levels, difficult-to-access re-
gions of piants, and equipment where there |is
holdup. There have besen many suggestions to avoid
obvious bias in stencdards ¢nd to develop facility-
specific calibration procedures.3-9

Historical dsta gathered during inventories
are often considered as a useful source of infor-
mation. However, large measurement errors and
incomplate recording of many relevant factors make
this source of information of limited value to
statistical model development. The pressures to
quickly explain IDs and disincentives in publish-
ing IDs in the open literature further contribute
to the limited value of this source.

The difficulties associated with the estima-
tion of process holdup are reflected in progosall
to use secondary methods of neasurement.l0-14
Design considerations to minimize holdup have
been published in a regulatory guid 13 to nmeet
safety requirements and to ease holdi, estimation
problems. In the past. theare have been attempts
to cdevelop estimatos of the ccntents of process
vessels with the help of elaborate computer pro-
grams and previous inventory measuroments, ogornt-
ing data. and on-line process measurements.l6-18
These efforts, still in the early stages of devel-
opment, are intended to he spacific to unit opera-
tions.

From experience gained over the past decade
in materials accounting, it can be generally
stated that

(1) NDA techniques are the only way of measuring
holdup on a cost-effective basis;

(2) 1t 1is not possible now nor will it be pos-
sible in the near future to measure holdup
in most equipment with an error of less than
10N (or in many cases <20-30%);

(3) at most facilities, Noldup is dispersed over
many square miles of surface areas, so that
available resources preclude measuring more
than a small fraction of all holdup;

(4) the large measurement and sampling uncertain-
ties in (2) and (3) imply that when one es-
timate of facility holdup is subtracted from
anothec for purposes of estimating the change
in holdup over an inventory period, the re-
sulting error is quite large; and

(3) during startup with clean equipment, hcldup
almost always increases (as something of a
plating-out process takes place) and because
material is lost to the accounting system,
IDs hehave accordingly.

Several of these recognized limitations are
among the reasons why present rugulatory 7olicles
do not allow in-place measucements of holdup to
be incorporated into the ID. As & conseguence,
changes in holdup over several inventory periods
influence both the average (D and the period-to-
period fluctuation around that average. and propa-
gation of measurement erroi's alone often doas not
adequately explain ID behavior.

IV. HOLDUP MEASUREMEN1. AT PROCESSING FACILITIES

Holdup is characterized by the materiale that
are difficult to locate, sample. identify, ana-
lyze, and quantify. In materiils accounting,
holdup is often ignored or improperly measured.
Thus, holdup has adverse effectr on the quality
of physicel inventories and on materials account-
ing programs. As part of an investigation for
the Nuclear Regulatory Commission, Los Alamosl?
evaluated several types of holdup. including hold-
up of uranium and plutonium at thres processing
facilities. The various equipment involved in
these holdup measurements were

(1) HEPA filters at a plutonium processing facil-
icy,

(2) several air filters and batch calciners, and
a continuous precipitator and a rotary drum
filter at the uranium scrap recovery facil-
ity, and

(3) several air ducts at a HTGR fuel fabrication
facility.

Measursments were performed using shielded
and collimated NaI(Tl) detector(s) and dedicated
multichannel analyzer system(s). Calibration
standards for the detector system{s) were fabri-
cated to resemble the components being measured
using known amounts of PuO; or UO; dispersed
on suitable media. Transmission and attenuation
corrections were determined using thin sources of
PuOy or U0j.

confirmatory measurements for plutonium were
pertormed using a neutron coincidence counter.
For uranium, confirmatory measursments were done
on cleanout residues in favorable geometries using
high efficiency gamma-ray spectrometty.



V. CONTROLLED STUDIES OF ENM HOLDUP

A recent comprehensive roport19 on holdup
estimation contains details of controlled experi-
ments designed to measure uranjum holdup in sev-
eral unit processes common to nuclear reactor fuel
conversion/fabrication lines. Three of these unit
processes were

. a dust generating operation at a HEU process-
ing facility,

. an ammonium diuranate (ADU)
and calcination process, and

precipitation

D a solution
solutions.

loop system circulating uranyl

Total throughput of uranium through these experi-
mental facilities ranged fram 50 kg to about 1060
tons. The quality of measured holdup data during
these controlled experiments was improved by at
least an order of nagnitude through the use of
carefully selected radicactive tracersl4d and spe-
clally designed calibration standards. Tracers,
at concentration levels of about one pa&rt-per-
billion, were homogeneously incorporated into the
process materials. Considerable attention was
paid to fabricate calibration standards compatible
with the equipsent measured and the distribution
of holdup thercin. This also contributed to im-
Prcve the quality of holdup data from noninvasive,
nondestructive assays by gamma-ray spectrometry
using NaI(Tl) detectors. some of the goneral
features of trie controlled experiments are sum-
rnarized in Table I.

These controlled studies have demonstrated
that well-designed experiments at large facliities

combined with relilable measurements can by used
to develop holdup estimation modela. The quality
of the holdup data being the key to the successful
model development, it i3 important to invest suf-
ficient effort to minimize measurement uncertain-
ties. Data from these controlled experinents were
extremely satisfactory: eccuracy of holdup msas-
urements were within 3-15% of the “cleanout”
values, and s majority of these measurements
showed precisions of less than 15%. Thus, the
controlled studies were useful 1in developing
mathematical models of holdup in each of thrse
ejuipment. Datells of the modeling approaches,
their advantages. and their limitations are sum-
marized in the following section.

VI. MODELING AND SAMPLING FOR HOLDUP ESTIMATION

Like many physical processes, the accumula-
tion of holdup is asenable to modeling. Fre-
quently, holdup behcves as & smooth functlon of
time (e.9.., increased deposition on a filter
serving a steady-state operaiion) or of space
(e.g.. holdup at one aection along a length of
piping may be very similar to holdup at an adja-
cent section). Models that effectively charac-
terize “global" behavior lead t~ improved estima-
tion. That is, ©0ldup estimates based on measured
values and the model are superior to "local” esti-
mates based on a myrasurad value alone. The phe-
nomenon is not peculiar to holdup estimation but
i8 common to most statistical applications of
modeling.

Despite its value in many situations, model-
ing has limitations that preclude its universai
use. If operation-spacific models are required
for numerous modes of operation or if material
accumulation over lonq pariods of time must be

TABLE I

EXPERIMENTAL PARAMETER3 OF CONTROLLRD HOLDUP STUDIES

Equipment Involved

controlled Material PForms Tracer Experimental in Holdup
gEperiments —Involveq —Used Eacameters varied — leasurements
U-dust U3Ng powder, and 93zr-wd 40-200 um Olove box, ducts,
generation incinerator ash (Neutron- particle size, slbows, tee,
containing U30g activated air (low rates prefilter
U40g Irom 9 to 100 cfu
ADU-pre- Uo2(NOq) 2, “gc as pH of solutions, Dissolver.
cipitation ADU, and U40p scit mixing rates, precipitation
ard calci- calcination filters,
nation temperature calciner trays,
calciner
U-solution UOL(M0q) 3 8gc as Plow rates, Pump, pipes,
loop cng 7Y ) fcI* and materials of elbows, tees,
(Bcrg)d- construction, unions, valves,

pipe dimensions

terminal valves



characterized. then conducting the controlled ex-
periments can bscome expensive. Also, models de-
veloped using poor quality data are often of lim-
ited worth. Thus, modeling should be approached
judiciously--being a tool implemented for high
priority equipment and when there is a good chance
of success.

The use of models to obtain holdup estimates
has been discussed 1in the literaturel®-20 gng
are not elaborated here. Supposing that estimates
of holdup at individual locations are obtainable
(whether based on models or not), a larger Ldsue
involves efficlent use of available resources.
As noted in Sec. III, measuring 3]l holdup 1is
impossible at mwost large facilitles. 1In order to
acquire a facility-wide understanding of holdup.
sampling procedures are = necessity. Related
examples of sampling reported in the literature
on international safeguards work include papers
on such subjects as attributes/variables proce-
dures and MUP-D statistics. Other applications
include bulk sampling tor analytical measurements
and the DOE-recognized sampling plans for bi-
monthly inventory work for stored items of SNM.

Of interast i» the de¢'elopment of sampling
design that is methodologically correct and cost
effective. The sources of information used for
sampling design include

(1) a complete listing of equipment containing
holdup at the facility,

(2) anticipated nominal amountr of holdup for
each {tem in (1) and anticipated varilation
in those nominal amounts,

(3) measurement uncertainties assoclatud with
the holdup measurements to be made, and

(4) budgetary data to compute costs.

once this information is avallable, the develop-
ment of an optimal sampling plan for holdup is
equivalent to solving an optimization problem.

Before discussing that optimization, 1t 1is
useful to briefly review the above sources of 1in-
formation. The first source, an equipment list-
ing, can usually be obtalned from facllity blue-
prints. An exhaustive facility description de-
fines the “population” from which the sample of
items to be measured is drawn.

Given the listing in (1), anticipated nominal
amounts of holdup are needed for the ltems in the
population. These amounts may be somewhat crude
approximations. Effective sampling designs put
moat effort, all other things equal. into strata
of items where the most holdup is expected. More-
over, holdup in a relatively homogeneous stratum--
1.¢., in a type of equipment with roughly constant
holdup from item to item--is estimated more accu-
rately than holdup in a nonhomogeneocus stratum;
this behavior is simllar to that of errors in
analytical moasurements based on bulk sampling of
homogeneous and nonlromogenecus materials.

2 &8 & ¥& 8
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Measurement uncertainties are necessary for
error propagation. A measurement control program
using g9ood holdup stand«rds is useful here, as
are comparisons of cleanrut data to previous NDA
measuresents.

Budgetary data are valuable for many reasons.
From a technical standpoint. it 1is not possible
to design cost-effective holdup plans without
knowing what the costs are. From a management
standpoint, cost figures are useful in allocation
of resources for holdup monitoring relative to
allocation for other accounting activities. In
calculating costs, a variety of factors must be
considered, including lost production time. "di-
rect” costs of making the measurements, and data
analysis/reporting.

For any specified sampling plan, aforemen-
tioned information in (1)-(4) can be used to com-
pute the cost of that plan and the standard devia-
tion of 1ts assocliated holdup estimate. Space
here prohibits a detalled development of the cal-
culation of the standard deviation using the meas-
urement uncertainties in (3) and the within stra-
tum variabllities 1in (2): that calculation 1is
described elsewhare?! and related methodology
can be found for other applications.22.23

Somewhat typical results for a single stratum
are displayed in Pig. 1, where holdup in 13 fur-
naces 1in a calcination line is estimated (see
Ref. 21 for detalls). Adopting the most expensive
sampling plan, which iseansured all furnaces. leads
to a standard deviation of ~40 g, a limit deter-
mined by measurement sensitivity. A diminishing
returns shape, displaying the roles of less expen-
sive plans, is apparent in Fig. i. That is, once
an adequate number of randomly sampled furnaces
are measured, there is little benefit gained from
the (expensive) process of measuring the rest.

00 1 1 T T T T

w0 F .
w0 -
0 - -

L i Il 1 i 1 —

000 1500 2000 2300 3000 3300 4000 4300
COST ($)
rFig. 1

Relationship between standard deviation and
cost of holdup measurement (Ref. 21).



Generally speaking, a computer subroutine
that takes a specified, facility-wide sampling
design and computes its cost and its assoclated
standard deviation can be imbedded in an optimi-
zation code, leading to solutions of important
problems. One such problem concerns finding the
plan, of all possible plans costing less than some
prescribed amount, that provides the best holdup
estimation. In this fashion, formal selection of
the desired sampling plan is achieved.

VII. DISCUSSION AND CONCLUSIONS

Holdup measurements in large processing
facilities are difficult and will remain s0 be-
cause of the complexity of the problem itself and
inherent limitations of NDA techniques. One of
the alternatives to NDA measurements is “cleanout*®
measurements using destructive and nondestructive
analvses. This alternative is not only time-con-
suming, expensive, and process disruptive, but it
cannot provide timely safeguards information. An
inevitable reality at most processing facilities
is the difficulty of assigning high priority for
holdup measuremants relative to other concerns.
It is, however, important for plant operators to
recognize that a knowledge of holdup problems can
make valuable contributions to plant safety,
procuss efficiency, and ruclear material safe-
guards.

Discussions of key elements of holduvp as a
materials accounting problem (and a potential
safety problem) demonstrate that it 1is Zimportant
to recognize that a practical approach be devel-
oped to satisfactorily deal with this issue with-
out seriously affecting the primary missions of
production facilities. Some cpproaches to dealing
with holdup as a safeguards issue include the
following.

(1) Several design features of process equipment
and plant layout could help minimize and
1ocalize the problems of holdup. Narrow,
tall holding tanks (instead of Raschig ring
filled tanks), unitized glove bexes, drain
lines that allow both draining and flushing
of select regions of pipe lines, etc. are
features that can be successfully incorpo~
rated in the design of new and/or refurbished
plants. For new plants, it is possible to
gather good holdup data during the pilot-
scale and full-scale operations. BSuch data
can be used to develop holdup models for
major process equipmant.

(2) or older plants, efforts should be made to
systematically gather holdup data during
shutdown by in-situ measurements followed by
cleanout measurements. This would help to
develop proper calibration factors for NDA
techniques to estimate residual inventories
when cleanout measurements are not practical.

(3) It is important for operators of processing
facilities to develop inforaation on process
upsst conditions and resulting impacts on
holdup. This would allow for planned shut-
down of the facility for cleanout before in-
ventory 1f there had been process disorders
that would impact holdup and therefore the
ID for that inventory period.

(4) Advances in radiation measurements, such as
high resolution detectcrs and portable ana-
lyzers, have led to NDA techniques readily
adaptable to holdup maasurements. Specially
designed instruments and calibration stan-
dards for holdup measurement, complimented
with & measurement conirol program, can
greatly improve the rellability of holdup
measurements.

(S) 1Instead of trying to establish a common yard
stick to evaluate the materials accounting
systems of diverse plants, it would be pru-
dent to develop safeguards systems that are
unique to each facility and attempt to make
each of them cost-effective. It is also de-
sirable to design plant-specific procedures
to assure the reliability of holdup estima-
tion.

(6) Because variations in holdup between inven-
tory periods are more important to IDs than
are the actual magnitudes of holdup, it is
highly desirable to minimize process varia-
tions that could cause major changes in hold-
up levels.

(7) Measuring holdup in all pleces of equipment
i3 not a viable option in terms of time,
cest, and radlation exposure to personnel.
A 100N sampling to measure holdup is not
only impractical but unnecessary from a mate-
rials accounting point of view. Central to
holdup monitoring is the concept of sampling,
the principles of which are well kncwn and
widely understood. Sampling concepts can be
used to design an efficient, cost-effective
plan for in-place holdup monitoring.

Current regulatory practices to prevent
diversions of SNM are based on the calculation of
inventory differences and the limits of error of
these invontory differences (LEIDs). Reliahle
measurements and estimates of inventories are
essential to this regulatory process. Statistical
estimation models, combined with a carefully de-
veloped sampling plan, have potentials to assist
plant operators in improving t¢he overall quality
of holdup estimation as part of periodic inventory
davelopment. However, the development of useful
estimation models hinges on the quality of data
and the stability of process operations. In
developing end using estimation models, it is
important to recognize their limitations and use
this approach judiciously.
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