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Executive Summary

. This is the fmal report on a research program sponsored by the Safeguards Research Branch of the
Nuclear Regulatory Comnussion (NRC) to explore the possibilities of developing statistical estimation
models for residual holdup of highly enriched uranium (HEU) at processing facilities. This study was
initiated as part of an ' effort to refocus the resources of_ materials control and accounting for timely
detection of special nuclear material (SNM) loss. Throughout this investigation, periodic reports of the
status of the study were submitted to the NRC, and this report is a compilation of a ! the work done during
the project. A formal report on this project, titled " Uranium Holdup Modeling," was issued in 1983. It is a,

generic report on holdup estimation that highlights the value of predictive models for estimating quantities

'of materials and their variances.
-- The task of _satherine_ _holduo information and the development of holdup estimators for specifica_h,y

~

, _- . .

; processes underwent several stages of examination. Historical data available from HEU-processing
facilities, which were gathered as part of penodic inventory development, were considered first as a readilyt '

,

- available source oflong-term holdup data. De poor quality of these data made this source ofinformation
Loflinuted value to statistical model development. The next step in gathering good-quality holdup data was
through carefully designed measurements of SNM holdup at two of the materials-processing facilities of -
the IAs Alamos National Laboratory. Selected measurements conducted over a period of 1 yr showed

~

'

-.that certam equipment, such as air filters and calciners, lend themselves to good-quality holdup
measurements and have potentials for estimation-model development. Attempts to develop these holdup
data without interference with plant schedules imposed limitations on the quality of some of the data
gathered during thi; phase of the investigation. However, these measurements did provide valuable data on
holdup of uranium and plutonium on exhaust air filters under several operating conditions. The holdup
estimation models developed from these data formed a sound basis for developing estimation models and
demonstrated the need for good-quality data gathered under rearonably stable conditions. The value of
these models was thrther confirmed when controlled experim:nts were performed using radioactive tracers

and high-quality data collection.
* De next step in the direction ofimproving the quality of holdup data was the design and performance of

a series of controlled expenments to simulate several unit orocesses common to HEU process facilities.
~

; Two of these experiments were conducted outside of Los Alamos under the supervision and control of Los~ '

Alamos ri-,. .d. One of the controlled experiments on uranium dust generation was performed at the
San Diego facilities of GA Technologies,'Inc., and.the other experiment on uranium inventory*

development, in liquid-liquid extraction pulse columns, was conducted at the Allied-General Nuclear
. . Services plant at Barnwell, South Carolina. All the other controlled experiments were conducted at Los

Alamos and were designed to measure uranium holdup as a function of throughput during feed dissolution
'

processes,' ammonium diuranate precipitation and calcination, and the circulation of uranyl solutions
through pipes and pipefittings. The total throughput of uranium in these experimental facilities ranged .
from 50 kg to ~50 tonnes.

De quality'of measured holdup data during these controlled experiments (except for the pulse-column

,

experiments) was improved by at least an order of magnitude by using carefully selected radioactive

7- tracers. Dese tracers, at concentration levels of ~1 ppb, were homogeneously incorporsted into.the
process matenals. The tracers with their high specific activity and unique gamma-emission characteristics

x provided the additional advantage for ireproving the quality of the holdup data. Considerable attention
- was paid during these exi, .. 6 to fabricate instrument calibration standards that were compatible with
the equipment measured and the distribution of holdup within the equipment. This also contributed to
improving the quality of holdup data from nonintrusive, nondestructive assays (NDAs) using gamma-ray

.

"
- spectrometry. _

_
. _

y,

Development of statistical models for HEU holdup used a variety of techniques including multiple-

regression, Katrian. filtering, and response surface methodology. Uranium holdup in glove boxes,'

ductwork, air filters, calciners, precipitators, filter funnels, rotary drum filters, feed dissolvers, pulser- ,

v

, - . _ . --- - .--- . - -

_ _ _ . - _ _
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columns, and pipes and'pihefittings of uranium circulation systems were measured. The models,in most

,,
x cases,(demonstrated the value of statistical models developed from good-quality measurements for

' '

estimating both present and future residual holdup as a function of material throughput. The findings of
this investigation revealed that several factors such as the layout of pipes, corrosion of construction

:( materials, concentrations of solutions, and so forth impact holdup of materials in processing facilities, and
9 ~in many instances the holdup of SNM is not simply a function of the material throughput. In addition, this

,

avestigation has been able to identify both the advantages and limitations of holdup data and estimation
models developed from a variety of data-gathering approaches. One of the unique advantages of the use of ~+

,

statistical models is that data necessary for updating the models can be gathered during planned plant
: shutdown conditions without mgjor disruption of production schedules.

Section I is an introduction to this study and its evolution including a brief survey of present knowledge
m.ei . 2 on materials holdup. Section II highlights some of the successful attempts to measure and use holdup data

~ -

Tfroisip~erating process facilities'and the advantages'and limitations of these measurements for developing
~

predictive models.
.

,

. Sections III-VI describe the controlled experiments and the details of model development specific to
. , - . each type of equipment used during these experiments. Various designs of experimer.ts, adaptations of

; instruments, calibration standards fabrications, and the use of mathematical techniques for developing
' functional _ relationships between holdup and throughput are discussed. Cleanout measurements were
incorporated roudnely into these controlled experiments to evaluate NDA measurements. Various
approaches to improve the quality of holdup data are mentioned throughout these sections.

Section Vil summarizes the findings of this investigation and highlights the value of controlled
g - experiments and modeling for the development of holdup estimators. The potential applications of the

^

: holdup estimation techniques to fuel cycle facilities and the conclusions derived from various observations

f are also included. -,

nThe major findings of this investigation are the following:
* 11. Measurement of the residual holdup of SNM at large processing facilities is a difficult problem and

Lwill remain so because of the inherent limitations of plant layout and NDA techniques.'

g, 2.-It is often difficult to assign a high priority for holdup estimation, which also contributes to the
,

L inherent problems of holdup measurement.
3. Statistical estimation models can assist plant operators in meeting regulatory requirements of holdup --

estimation as part of penodic inventory development.
,

,

4. The development of useful prediction models of holdup hinges on the quality ofdata and the stability
of process operations.

~

5. There are several approaches to improving the quality of measurements using better intrumentation
and better calibration st'andards and through the application of carefully chosen secondary

J measurement techniques. If there are no improvements in the quality of measurements, it is
' unrealistic to expect statistical models to provide estimates of high quality._

6.' Holdup estimation models require periodic updating to remain useful as facilities and process.

- ' variables change.
'

: 7.~ Significant improvements to holdup measurements and data development for holdup estimations can
- be accomplished if this problem is addressed during the design stages of a plant to incorporate the

1 features necessary to accomplish the measurement goals.
: Appendix A treats in detail the potentials and limitations of the use of tracers to improve the quality of

2 holdup measurements. This discussion is supplemented by some of the results of preliminary investigations
- to determine whether the tracers chosen truly represent the SNM during all phases of the unit process.
Appendix B provides introductory information on two of the mathematical techniques-regression j

N , analysis-and Kalman filtering-used repeatedly during this study for the development of statistical '

estimation models. Appendix C is a compilation of the results of controlled experiments. These are-

presented in a concise fashion to conserve space and to provide enough details for those who wish to
Iexamine the approaches described for the development of good-quality data for holdup modeling.

'vi :

e
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ESTIMATION METHODS FOR PROCESS HOLDUP
' OF SPECIAL NUCLEAR MATERIALS

by
.

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

CiM;m __

ABSTRACT

=> ' . 'Ihe US Nuclear Regulatory Commission spocsored a research study at the Los
: Alamos' National Laboratory to explore the possibilities of developing statistical
estimation methods for materials holdup at highly enriched uranium (HEU)-processing

- fccilities. Attempts at using historical holdup d ta from processing facilities and selected

holdup measurements at two operating facilities confirmed the need for high-quality data
and reasonable control over process parameters in developing statistical models for

, holdup estimatiow. A major effort was therefore directed at conducting large-scale-
experiments to demonstrate the value o.' statistical estimation models from experimen-

'

' tally measured data of good quality. Using data from these experiments, we developed

~ statistical models to estimate residual inventories of uranium in large process equipment,

and facilities. Some of the important findings of thir. investigation are the following:
e Prediction models for the residual holdup of special nuclear material (SNM) can be

-; . developed from good-quality historical data on holdup.
. e Holdup data from several of the equipment used at HEU-processing facilities, such as

air filters, du:twork, calciners, dissolvers, pumps, pipes, and pipe fittings, a cadily lend
themselves to statistical modelics of holdup.

* HolJup profiles of process equipment such as glove boxes, precipitators, and rotary .
drum fikers can change with time; therefore, good estimation of residual inventories
in these types of equipment requires several measurements at the time ofinventory.

* Akhough measurement of residual holdup of SNM in large facilities is a challenging
~ task, reasonable estimates of the hidden inventories of holdup to meet the regulatory

requirements can be accomplished through a combination ofgood measurements and
the use of statistical models.,

I. INTRODUCTION
.

: One of the basic elements of a system for nuclear material safeguards is materials accountability, which
includes measurement, accounting, and procedures designed to provide an accurate knowledge of the

.

' quantities and disposition of materials Section 70 51 of Titl; 10 of the Code of Federal Regulations. .

- requires, in' part, that certain licensees of special nuclear materials (SNM) conduct at specified intervals
~

physical inventories of SNM in their possession under the license. The accumulation of SNM in processL

= equipment as hidden inventories in the form of residual holdup following shutdown, draindown, and

I

h
'
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^ cleanout ' generally has adverse elTects on the quality of physical inventories and materials control

gg programs. Residual holdup is characterized by the materials that are dimcult to locate, sample, identify,
. analyze, and quantify. Regulatory Guide 5.37,"In-Situ Assay of Enriched Uranium IIoldup," defines the"

residual holdup of enriched uranium as the inventory component remaining in and about process
equipment and handling areas after those collection areas have been prepared for inventory. This in situ
assay guide describes methods to ensure that a measured value of residual holdup is included in each
materials balance. Similarly, Regulatory Guide 5.23 provides guidance for the assay of residual plutonium

in processing facilities. These two regulatory guides, issued in 1974, are being revised to reflect present
knowledge on holdup estimation and new requirements of materials accountability.

' Materials generally accumulate in cracks, pores, and zones of poor circulation within' and around
@@2diprocemep.nment; hme nmcesses lead to the accumulation of sizable and sometimes continually

increasing amounts of SNM in dimcult-to-recover form. The walls of the process vessels, plumbing,
fductwork, glove boxes, and filters often become coated with SNM during materials processing. In
. addition, SNM may chemically interact with the components of the process equipment, causing another
iform of residual holdup. The absolute amount of SNM in residual holdup must be small for emcient
processing and hazards control. Ilowever, in practice, the total amount of SNM holdup is significant in the

' : context of the plant inventory difTerence. This points to the need for better design of processing facilities
_

a:id improved methods of holdup estimation.

' A. Survey of Present Knowledge

- The identification of the process holdup of fissionable materials is important not only to materials
accountability but also to process safety. Curren'. regulatory practices to prevent the diversion of SNM are
1 ased on the calculation of inventory differences and their standard deviations. Reliable measurements
and'e'stimates of inventories are essential to this regulatory process. The role of hidden inventories, or
residual holdup, as a problem area in nuclear material safeguards was recognized very e arly in attempts to
establish effective safeguards systems in the US.'

- For holdup measurements, in situ assay techniques are preferable to process-disruptive and time-
consuming cleanout measurements. The general principles of these nondestructive radiation measurement

- ' techniques are well understood, and their applications to safeguards measurements are described in detail
in' several publications' generally available to the nuclear material safeguards community.2 3 Assay
procedures acceptable to regulatory stafT are detailed in regulatory guides for the measurement of uranium
and plutonium.M Accuracies in' holdup measurements are generally poor *J because of complexities of the
residual deposition pattern and the geometries of the facilities. There have been suggestions to avoid
obvious bias in standards and facility-specific calibration procedures.*"

. Holdup'can be measured by neutron and/or gamma-ray measurements.'2*" Generally, gamma-ray
techniques are used because of the ready availability of the instrumentation and the ease of measurement.
.When attenuation of gamma radiation and geometry become dominant factors, passive neutron>

. measurements are attempted." Also, a noninvasive method" emp'oying a **Co gamma-ray transmission .

technique has been employed in the determination of uranium in a centrifuge plant dump trap.
The recognition of the dimculties associated with the estimation of process holdup is reflected in

. proposals ta use secondary methods of measurement."'*" Design considerations for facilities to*

2eminimize holdup have been published in a regulatory guice to meet safety requirements and to ease
holdup estimation problems. In the past, there have been ttempts to develop estimates of the contents of

process vessels with the help of elaborate computer programs using previous inventory measurements,
operating data, and 'on-line process measurements.2 -n Thes- efTorts, still in early stages of development,
are intended to be specific to unit operations.

-2
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B. Baekground to His Investigation

As a result of the stringent requirements for the timely detection of the losses of SNM and in recognition
: of difficulties of measuring process holdup, the US Nuclear Regulatory Commission (NRC) initiated a
research program at Los Alamos National Laboratory to evaluate the use of statistical models to estimate

: the holdup of highly enriched uranium (HEU) at processing facilities. Originally, models were to be
- developed using historical process measurement data. Holdup problems of HEU in processing facilities
and scrap recovery operations were reviewed with several facility operators, and an attempt was made to

-~ use available holdup data for developing estimation models. The limited availability of useful data and
. their large uncertainties made this a futile efTort. The next step was to initiate a series of measurements at a

few locations in three processing facilities without interfering with normal plant operation and to use these. . , . _

A%Alastalor estimanon models. Sitnougn tnis effort naa umitea success, tne problems associated with notaup
measurements and the quality of data required for estimation models became more evident. It was
recognized that the development of statistical estimation models had to be preceded by good measure-
ments, preferably with controlled process parameters. As a result, the program objective was redirected,

toward designing and performing several large-scale experiments to establish reliable relationships
' between materials throughput and residual holdup. This report highlights these experimental studies of
holdup measurement and estimation model development with a brief review of the holdup measurementss

, conducted at processing facilities and a discussion of the potential values and limitations of such
~

measurements for the prediction of residaal inventories of SNM at processing facilities.
7,*

f

C. His Report .

- This final project report includes summaries of various topical and status reports submitted to NRC
_ during this investigation, details of the controlled experiments to gather data, and the use of these data for

developing holdup estimators. Section II summarizes the efTorts to gather holdup data from processing
facilities and the potential value of these nondisruptive measurements for developing estimation models.

: Sections III-VI summcrize the controlled experiments to' gather highly reliable data on holdup and the use
of these data for developing prediction models of holdup. Section VII is a detailed discussion of all the

Q results and the significance of the major findings of this study. A-justification of the use of tracers to#

~

i measure holdup of uranium during some of the experimental studies, with adequate details on the general>'

principles of tracer applications, are presented in Appendix A. Appendix B provides some introductory
information regarding the various statistical techniques employed in developing holdup estimators from
experimental data. Detailed results of controlled experiments on holdup studies are presented in Appendix
C with summaries and illustrations in the individual sections on experimental studies. Some of the results

J gathered during our search for holdup data from process facilities are not included because of the
propnetary nature of the information.

_
The findings of this investigation further confirm the difficulties associated with estimating residual

f . SNM in processing facilities.' However, the task of estimating holdup inventories can be made easier
- through the development of process- and plant-specific estimation models. This approach to holdup

h ; estimation is less disruptive to plant operations, and the measurements required to develop reasonable
. ' estimates of the hidden inventories can be carried out with minimal disruptions in production schedules.

y-

3
. II. HOLDUP MEASUREMENTS AT PR'OCESSING FACILITIES

This section summarizes the important accomplishments of the attempts to measure and model the
hoidup of SNM in selected equipment at three processing facilities. In recognition of the limitations of

< historical data on heldup.available from HEU-processing facilities, an attempt was made to perform

'
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[ V panda =redstive assay (ND' ) measurements on selected equipment to gather data and to determine theA
> femenhdayfof developing estimation models of holdup from these carefully designed measurements. These

'

w measurements' were conducted at TA-55 (the Plutonium Processing Facility at Los Alamos) and TA-21s

'MC |(the 'HEU Scrap Recovery Facihty at Los Alamos). In addition, some of the historical data on uranium'

'

' holdup in ducts at the high temperature. gas-cooled reactor (HTGR) Fuel Fabrication Facility of GAs

,
, LTechnologies, Inc., at San Diego, California, were of value. Although the measurements were made on air

filters, air ducts, conversion calciners, and some precipitation and filtration equipment, the measurements
{ on air filters were particularly useful for developing dynamic estimation models. The data obtained from i.s

?other equipment showed stable or erratic holdup or had serious limitations because of high background [

o levels in the areas of measurement and the apparent lack of stability in the holdup during the measurement. I

um. _ bThe holdup measurements were conducted for continuous periods ranging from 6 months to I yr. It is I

-n

additional control ~ over;the operation of these facilities for the purposes of holdup measurements.~
,

- Measurements were made at the convenience of the facility operators with minimal interference with their
'

-

,} production schedules.-

<

1 A. Measurement Techniques

The holdup measurements of plutonium on a high-efficiency particulate air (HEPA) filter at TA-55 were
performed using a shielded wid collimated Nal(TI) detector installed on top of the glove box about 18 cm

'

e

- flrom the filter. A mukichannel analyzer system was used to scan the gamma spectrum, and the 320- to
.470-kev region'was integrated to determine the holdup on this filter. Standards used in calibrating this ;

detector, system were fabricated to resemble the filter being measured by preparing standards on HEPA'

,

iSigers with known anmunts of PuO ' dispersed on the filter medium. Transmission and attenuation2
'

corrections were determined using a thin source of PuO .2

? AB the holdup measurements conducted at TA.21 were performed using a two-channel stabilized assay,_

2( meter (SAM-2,~ manufactured by Eberline Corp.) and a *'Am-doped Nal(TI) detector shielded and
.

w
collimated with lead. The filters were measured in-place in steel housings on top of the glove boxes. Thin4

,

foil sources of 2"U were used for detector calibration and attenuation corrections.
Most of the holdup measurements of uranium in conversion calciners at TA-21 were done using.

,

samma-assay techniques with a SAM-2 unit. Holdup of uranium in eight batch calciners-four of them in
= ' use' for 8 yr and the other four in use for 28 yr-were measured for ~15 months. Several sets of

measurements, using both thermoluminescent dosimeters (TLDs) and a Nal(TI) detector, were made when

y. ;the furnaces were cooled down between process batches. The shielded Nal(TI) detector with a wide
~

viewing angle was reproducibly placed in front of the entrance to the calciners, which were located in glove
' boxes, to make periodic measurements of holdup. For thermoluminescent dosimetry, pairs of TLDs were ,

,
'

placed at three locations inside the calciner. The measurements were made using CaF (Mn) bulb TLDs'

- and a Model 281'O TLD reader, manufactured by Victorcen Instruments. The TLDs were placed in the
.|calciners at room temperature for 2-4 days and were read within 24 h after exposure to limit the loss of,

-
"

/ stored energy to <1%. Because of the nonuniform distribution of holdup within the calciners, the TLD. _ .

p /- data were much more readily normalized than the Nal(TI)-detector-measured data. The distribution

g #", _
profiles of the uranium holdup inside the calciners were determined using a very small, highly collimated

: Nal(TI) interior survey probe.!

(The holdup measurement data gathered from the HTGR Fuel Fabrication Facility of G A Technologies,>

' ' Inc., covered 18 months, although not all facilities were in continuous use during this period These were

bimonthly inventory records (historical data). Holdup measurements on the facility exhaust duct system4

1were examined as part of this effort. The NDA measurements of holdup in the duct system used SAM-2 t

| | gamma-assay instrumentation. i

- e ,
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. B. Holdup Measurement Resuks

~

1. Plutonium Facility Fiker Holdup. The holdup measurement data from the air filter at TA-55 are
p probably the best on air filter holdup obtained during these measurements. This is due to the location of

~ his filter away from high-background areas; the fixed, shielded position of the detector; and the use oft
better calibration standards and instrumentation for routine measurements. This is further demonstrated

. by.the conGrmatory measurements on the filters at the end of the experiment. The air filter removed was
measured using a neutron coincidence counter to determine the plutonium content. The coincidence

. counter measurement was within 8% of the in-place ND A estimates of the holdep of plutonium. Table I
I ' lists the holdup measurement values and process throughput data corresponding to ~13 months.

u w. ~. .~ _ , . ..

r_ m,
i ~5erap Recovery Facilky Air Fiker Holdup. Exhaust air filters from three glove boxes

- (DB-1, DB-24, and DB-30) at TA-21 were periodically measu' red to determine uranium holdup and its
variation sith throughput (Table II). These data indicate that the firrt three measurements for filter DB-24

L | were erratic. This was due to the very high background values in that location and the v ry small amount
i of uranium on the liker. The data from the other two filters appear to be reasonably well behaved. An

estunate of the standard error applicable to all the holdup values in Table II is 0.2 g of 2"U.

- 3. Uranium Holdup'in Batch Calciners. The holdup measurements on the calciners were done at the
convenience of the facility operators to minimize process disruptions. Also, the routine procedures at the

, ,

' facility were not ahered significantly for these measurements. These procedures included periodic cleanout
- of the calciner with a brush or vacuum cleaner to remove obvious spills and residuals. These activities
made it very difficult to gather holdup data that could be correlated with throughput of uranium in the
calciners.
- Table IH summanzes a significant part of the calciner holdup data. However, these data cannot be used

'

for accurate prediction of future holdup because oflarge variations in the use pattern and cleanout regimen

p ~ of the calcinars during these measurements. .

4. Prealpitseor and Rotating Drum Fiker Holdup. A precipitation and fi'tration system at TA-21 was
measured for. uranium holdup during routine use. The equipment con'sisted of two stainless steel tanks (one

'of which was a precipitation vessel with a mechanical stirrer) and a rotary drum filter. The filter medium
was a strip of polypropylene fabric placed around the drum. Uranium from the scrap recovery solution is
praeipie=8ad as uranium peroxide (UOcxH 0) at a pH of ~2.0 using hydrogen peroxide as a precipitant3

_and NH OH as a buffer. The slurry is sucked onto the filter strip to separate the precipitated uranium.
_

. When the moist cake deposit reaches a thickness of ~3 mm, it is scraped into a collection boat using a
doctor blade. Under normal conditions, an 8-kg batch can be precipitated and filtered within 6 h.
However, if precipitation does not proceed smoothly, the process is terminated, the filter drum is hand-
seraped, the drum is pickled in 10-M HNO , and the process is continued the next day. Because of3

dillbring end-of-shiA conditions, the precipitation tanks and the rotary drum filter can have very different
"

and-of-shift uranium holdups. Six measurements made during a 6-month period indicate that the end-of-

p shiR hoklup can vary from ~10 g for normal runs to ~150 g for the problematic precipitations, those in
,

'' which the flhers were hand scraped rather than pickled.

S. Uranium Holdup in Air Docts. Extensive measurements at GA Technologies,Inc., from November'

1979 through May 1981 on five duct systems showed no discernible change in the holdup. It should be
added that not all the duct systems were in continuous use during the period because of the production
schedule for various operations at this facility. The ducts were measured between the glove boxes serviced
and the first filter. Figure I shows the average holdup in four of the five duct systems that were in use for

- at least 6 months during these measurements.
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TABLEI. Holdup of Plutonium on a Glove Box Air Filter
Ip Droughput Holdup nroughput Holdup

'

.(ks) (s) (ks) (s)

3.3 ' O.6 148.1 53.5

12.7 4.0 151.8 54.7

17.4 3.9 I51.8 54.9

17.4 3.8 151.8 56.0

18.9 3.9 155.4 37.6

23.7 5.3 159.2 59.6
L ;M~na;- ' ~ 25.3 5.4 165.0 6!.?

26.2 6.6 166.9 62.3

30.9 ' . 6.6 166.9 63.2

30.9 6.7 170.3 64.1

32.6 6.9 170.3 64.1
'~

38.3 8.1 174.3 65.8

38.3 8.0 176.1 65.8

59.5 14.7 176.1 67.5,

64.3 16.7 176.1 68.0

71.4 18.0 185.4 68.0

73.3 17.0 194.0 69.9

77.0 19.2 198.3 70.4

85.4 24.1 198.3 71.7

II3.3 35.1 202.7 73.9

113.3 35.0 206.2 73.9

113.3 35.2 211.5 76.0
'

116.9 35.9 211.5 76.2

I I7.8 37.3 211.5 76.5

122.1 39.0 215.1 76.5

125.5 42.3 215.1 76.25

127.0 42.4 235.3 87.27

127.0 42.7 238.9 - 88.7

129.2 42.9 242.8 89.5

132.8 43.0 244.6 91.0

132.8 44.0 244.6 91.3

136.6 45.1 255.5 91.3

142.3 48.7 280.6 98.9

142.3 49.9 287.2 100.8

144.1 52.3

6
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TABLEIL Holdup of Uran 3 urn on Exhaust Air Fikers at TA.21

Does of - DB-1 DB-24 D8 30
Measurement t' h' t' h* t* h'

S/I841 0.1 1.3 0.0 1.7 0.0 1.6

0.9 2.0 0.6

94241 3.5 2.9 0.6 2.2 4.7 0.5

0.5

9/2241 7.0 3.0 1.2 3.1 5.6 2.1.2.5
2.5

1845/B1 15.0 3J 2.5 1.1,l.6 9.3 3.7
-

1.2,0.8 3.8
'

11/25/31 18.0 3.7 3.1 0.7 10.0 4.0
1.1 4.0

12/2341 22.0 3.5 3.8 I.4 12.0 5.1
2.4 4.6

2/2442 32.0 4.9 5.6 1.3 18.0 5.3
1.4 5.7

4MI/32 39.0 5.4 itter replaced 23.0 6.3

_

5.9
.b

.

6/15/52 50.0 5.8 - - futer replaced

"Here t descess prosess throughpa la kaogrenes of urealma, and b denotes boldup in pams
of uramien.

TABLE Ill. Gream of Urenian Heidup for Ceiriners weighead by Maser 6el Prodies

Aus.27, Sept.23. Oct.22. Oct26, Nov.3, Nov.IO, Dec.22. Mar.13. April 30.
' Celeiner Prete IMI IMI IMI IMI IMI 1981 1981 1982 1982

Nel 11 12 13 13 13 12 || 11 Il

35 TLD 14 16 14 20 20 19

Nel 33 37 37 40 39 36 36 38 32
34 TLD 46 47 47 47 51 $6

Nel di 47 44 46 43 39 42 41 34

33 TLD 61 47 43 49 ft 59

Nel 30 35 33 35 37 31 33 35 28
32 TLD 33 M 28 41 39 43

Nel 87 189 132 123 II6 117 Ils ll$ 10$

$ TLD 139 92 78 IIS 100 184

Nel 100 157 134 146 tel 124 98 103 82
4 TLD 123 93 99 82 82 83

Nel 113 166 132 IM 132 132 126 138 121

3 TLD 126 103 96 118 Ils lit

Mal IM 1*5 163 156 145 133 - 156 let

2 TLD 162 149 131 204 167 160
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Fig.1. Total holdup of uranium in four duct systems at GA Technologies,Inc.

"
C. Modeling

An air filter at TA 55 was monitored periodically for 13 months.The results are listed in Table I and
:

'
plotted in Fig. 2. A clear relationship between measured holdup and throughput exists and can be exploited

i - for predictive purposes. That is, given the measurement history of the filter up to a particular time, holdup

estimates for future times can be derived.

c
-

For these data, a smooth curve is derived that estimates the functional relationship between holdup and
~

throughput under the existing operating conditions. The curve, superimposed on Fig. 2, is
,

8
' 6(t) = 0.2845t + 0.0003974t -- (1)

where S(t) is the estimated filter holdup (in grams of plutonium) when the process throughput is tP

kilograms. The coefficients 0.2845 and 0.0003974 are produced by a least squares fit to all but the final
three points. The presence of a quadratic term m Eq. (1) reflects a nonlinearity in the accumulation of
material; that is, holdup on the filter does not simply increase proportionally to throughput. Dr.ta from the,

' hit is used in the dust-generation experiments (Sec. III) exhibit similar nonlinear behavior.

Despite the good overall fit of the model [Eq. (1)] to the data, careful inspection of Fig. 2 indicates a few
P- minor " discontinuities." For example, at ~235 kg of throughput, over 200 archive samples of 50 g of

PuO, each were opened and poured into a single container, thereby generating a slightly increased amount
of dust. The final three measurements, coming after 2<0 kg of throughput, represent blending and
packaging operstions, which are relatively dustfree compared with blending and screening. The minor
inadequacies of the fitted model for this filter are primarily the consequence of operational changes.
Because it is impossible to maintain exactly the same process conditions over time, some judgment may be

required to determine whether a model developed in one context applies in another. In the case at hand,it
seems clear that the hcadup generated during blending / screening is markedly different from that during
blending / packaging.

8
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Fig. 2. Measurement history of the holdup of plutonium on an air filter at TA-55.

Central to good predictability are the stable (consistent) operation of the glove box and the high quality
of measurement data. These prerequisites may not be achieved for all operations at all facilities, and
modeling efforts would suffer as a result. For example,if a holdup model is to be developed solely on the
basis of throughput, it is important to hcid constant all other factors that affect the accumulation of holdup

- (such as the level of airflow and the type of material handled for the TA-55 filter). If such relevant factors
are varied over time and are unmeasured, they cannot be accounted for in a model. For the filter at TA-55,
the process cperation remained relatively stable and facilitated useful modeling.

' Also contributing to successful modeling here is the high quality of data. Large measurement errers can
~

easily obscure the nature of material deposition and make difficult the extraction of a model. These
'c ' difficulties can be compounded if data are obtained infrequently. As the accurate accountability of holdup

i has not often been a high priority at processing facilities in the past and as it is nontrivial to overcome
some of the measurement problems, historical data are often oflimited value.

The measurement histories for three filters at TA-21 are plotted in Figs. 3-5. As described previously,
uranium holdup on these filters behaved somewhat differently from the holdup on filters at TA-55.
Consider the filter. labeled DB-1. Following two unusual measured values.at zero throughput, the
accumulation on this filter was approximately linear during the observation. In contrast to the filter at

L - TA-55, the initial measurements here were expected to be nonzero because of residual material in theg

housing into which the clean filter was inserted; however, no definitive explanation exists of the (apparent)'

'

large increase in holdup over the first 3.5 kg of throughput. It is possible that the first two measurements
were poor, but sere is no firm evidence of this.

The rest 0f the data are well fit by the model
~

E
, ~ G(t) = 2.496 + 0.068t . (2)

9
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+

- } There is no detectable curvature here in contrast to the previous plutonium blending / screening example

: and to the filters used in the dust-generation experiments (see Sec. III). Use of Eq. (2) for predictive
- purposes is straightforward. The future throughput value to finterest is substituted into Eq. (2)'and 6(t.)is

'

o
- | calculated. The standard deviation of S(t.) is acquired following standard regression theory and can be

- ? used for accountability purposes.
- When models such as Eq. (2) are used to " extrapolate" outside the range of the measurement data, there

~ O : are two'important considerations to keep in mind. First, it is implicitly assumed that the nature of the
process operation will remain reasonably constant. As seen for the TA-55 filter, the model constructedy .

;
'

based on the blending / screening data did poorly in explaining the blending / packaging results. The second'"

consideration involves the nature of the rtandard deviation of S(t.), which increases as a function of t . In

- other words, prediction of holdup a day in advance is likely to be more accurate than prediction of holdup

| ; la month in advance.' Although it is certainly possible to substitute into Eq. (2) values of t well beyond the
4;- ' range of the existing' data, the resulting estimates would have very large standard deviations.-Thus,

~

"

extrapolated values should be interpreted with caution. Maintaining good accountability requires that

g ~- measurements be obtained periodically and used to update the fitted model.~ The frequency of data
7A . collection thus depends on the desired accuracy of estimation.

. The procedure for updating the model is a simple one. When a new measurement m(t )is obtained at

9 . throughput t., it is compared with its prediction 6(t.) based only on earlier data. The difTerence m(t )- S(t.)
- should fall within a ' prescribed range-for example, plus or minus three standard deviations of the

idifference. Indeed, control charts of such quantities are useful in evaluating model performance. If m(t )-

g - S(t.)is'sufficiently small, then m(t.)is added to the previous data and parameters of the model re-estimated
5 based on all available information. If the difference in(t,)- S(t.) is outside its prescribed limits, this is an

- . indication that the model may have broken down or, perhaps, that the new measurement m(t ) is an
outher; in either case, further investigation is suggested.

.i,
,
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' the updating procedure work's quite well for short-term prediction and testing. For example, given a |
" ~ '

y
.

model based on present and past data, predictai values G(t) and their associated standard deviations can |
M P =be oca.puted for values 6f t-in the near future. The predictions can then be combined with other |*

?mformation to assess potential loss in the short term. When the next inventory takes place and another |,

w . holdup measurement is made, the model is updated as described, and short-term predictions can then bc
: made using the updated model.

_

.

, ' Consider now the DB-30 filter (Fig. 4). It appears that this filter is approaching a plugged state by the '. ,

_

Tend of the observation penod. The material being processed here is nominally 2.6 wt% 288U, so 6 g of 838U. , ,

represents a total deposition on the Alter of well over 200 g. By contrast, the incinerator ash on the DB-30
;x . ' filter is roughly 15 wt% 238U, and 6 g of 285U are equivalent to a 40-g accumolation. When an air filter

.

@@Mddb::c==::c:np!:::!y p! gg:d, :!:flevr threngh it :::::: nd :::enti:1!y no :nat:ri:1 i: tr :: pert:d ente it.
- j- Mihis phenomenon is reflected in the measurement history (Fig. 4). At such a point,'it is necessary to

'

replace the filterJ
.

'

- t Over the range of thJ data, the second-order model
,

' (6(t)a0.496 + 0.427t-0.008t (3) |2
,

. captures the increasing deposition. The intercept term, O.496, in Eq. (3) reflects the presence of residual'

material in the housing at the time of filter installation. If there were no initial material, a model " forced
IP _ through the origin" would be appropriate. The concave shape of the fitted curve is the consequence of the

plugging' and is unique'among the filters analyzed during this investigation. Such shapes can also be, ,

28 hat impose monotonicity constraints on |+ described by more complex models such as isotonic regressions t
: h(t). Certain types of mixture models might also be of use. In any case,it seems clear that the amount of ;_ .-

'

,' holdup on the filtefis rapidly approaching a limit.'

Finally, consider the measuremen' history of the DB.24 filter (Fig. 5). These data are quite erratic,' not '~
> t ,

~

y lexhibiting'sufHeient temporal contiruityas for modeling. Very high background levels (or poor signal-to-
L noise ratio) made the nondestructive measurement of the relatively small quantities of material difficult. 'a.

'

Lacking' information from external sources, such as from analyses of other filters "kuown" to behave ins

,' - ,

'

the same fashion as this one, there is little on wisich to place' confidence in a model when the signal-to-noise
L ratio is very low.-

i ' The' measurement of the comiersion calciners at TA-21 provided much useful information, and the
.

controlled experiment (Sec. V) on calciner holdup benefited as a result. However, the data derived were not

i amenable to modeling for reasons described below. Basically, the particul'ar constraints imposed by

C. processing operations prohibited cc.struction of a model capturing all the relevant factors known to affect2

( |the holdup.(
~ An initial difficulty arose in attempting to obtain a single NDA measurement of each calciner, that of .

.

!
'

overcoming the effects of nonuniform deposition, To some extent, this difficulty exists with respect to;--

nondestructive reasurement of many other objects. The nonuniform deposition was caused primarily by
the nature of th/ construction, use, t nd maintenance of the equipment and was the largest single source ofm

= i error for these measurements.
~ There are alternative approaches to overcome the effects of nonuniform deposition. One is to begin by

' carefully' characterizing the nonuniformity, which can be done by obtaining measurements from individual
i

. . locations. For example, TLDs could be inserted at various places within the calciner to provide for such a
characterization. A future single measurement count rate can then be converted to quantities of material

. f after properly accounting for the holdup profile. Of course, such a measurement procedure implicitly ;

assumes relatively little change in the deposition pattern over time, but few alternatives exist when external
~N constraints allow for only a single measurement. If several measured values are obtained from distinct

-locations, a more exact profile model can be constructed and more accurate single-measurement
corrections can be made. The analysis of the pulse-column data (Sec. IV) is a good example of profile

'

estimation.

L 12.
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A final note ofinterest regarding the calciner measurements involves the cleaning of the calciner. For

. most processing operations, a " typical" state of cleanliness exists. In this case, the calciners were brushed
out after each calcination. Starting October 1981, they were vacuumed after each calcination, and the
material collected was sent to recovery. Obviously, such activities greatly influence the residual
holdup-observed changes in measured values over time may reflect more on the levels of the cleanout
efforts than on an; thing else. For example, the scintillation detector data indicated that the calciners
tended to become cleaner as the vacuuming continued. De factor " cleanout efficiency" is quite difficult to

quantify for incorporation into a model, and when such important factors are allowed to vary considerably
over time, there is little hope for successful modeling. Such was the case for the calciners.

Data obtained from fuel fabrication facility ducts at GA Technologies, Inc., where holdup had
+ - accumulateti for many ycan, oficied ilic pussibinty of .tudying thc proccss under near steady state

conditions. It was hoped that changes in holdup over the brief period of observation (brief relative to duct
lifetime) would be minor and that the effects of other factors-such as duct geometry-could be
. evaluated. For example, the amount of holdup per unit area ofinterior surface at an elbow might be a
predictable multiple of the amount per unit area for the preceding straight segment.

Unfortunately,it was not possible to reach substantive conclusions regarding the efTects of such factors.
The major problem lay in the quality of measured values. From counting statistics and replicate
measurements, it was apparent that a low signal-to-noise ratio largely obscured the observation of small

_ quantities of holdup. Unusually high background levels from thorium daughters at the facility were the
primary cause, and it was very impractical to circumvent this difliculty through the use of heavy shielding
or through the removal of the ducts to a better environment for measurement.

Estimating geometrical effects from the individual duct systems was quite difficult. Based on results
from areas oflarger holdup (and thus better signal-to-noise ratio), the anticipated conclusion that elbows
serve as accumulation points was clearly substantiated. Making a more definitive statement to quantify
this effect would be ill advised because of the magnitudes of measurement errors and, perhaps, because of
" interaction" with other relevant factors; that is, the " elbow efTect" may not remain constant over all
combinations of other factors such as duct composition, duct diameter, and type of equipment serviced.

Quantification of other effects is similarly precluded. Though steady-state models (Sec. V) might be
used to provide estimates of holdup at individual locations, it is quite diflicult to make comparative
statements regarding various factors affecting holdup.

L

p. III. EXPERIMENTAL STUDY OF URANIUM HOLDUP IN A DUST-GENERATING FACILITY

The problem of fissile materials accounting in fuel material preparation and fabrication facilities is
increased by the difficulty of accurately estimating the amount of SNM that is held up as residuals in g!ove
boxes, ducting, ventilation filters, and other processing equipment. The residual holdup associated with

. dust-generating operations can be a serious safety problem as well as a materials accoatability problem.
The safety problem can be minimized by facility design considerations and periodic radiation monitoring

~ with appropriate portable instruments followed by cleaaout of areas with large material accumulation
potentials. However, there are no simple noninvasive procedures for reasonable estimations of residual
holdup of SNM in glove boxes, ducts, and ventilation filters. The recognized limitations of historical data
on residual holdup in dust-generating facilities have prompted this attempt to perform controlled
experiments and to develop holdup data as a function of material throughput.

13



{ '. -

%
y j

|p-
"

:< p,

A

'

' A.~ Facility Description?
l

l
/ Ain experiment was designed to generate uranium holdup data to examine the build-up of uranium dust 4

on glove boxes, exhaust ducts, and exhaust air filter surfaces at the HTGR fuel fabrication facility of GA
Technologies, Inc. This facility contains coated-particle and fuel rod-production facilities, scrap recovery<

' lines, low-level combustible incineration equipment,' and fuel storage areas. At the time of the holdup
experiments, this plant was processing only fertile material (thorium). It was, therefore, porsible to
dedicate glove boxes and duct / filter systems containing fissile material and the necessary measurement

"' ' equipment for this task.
' The facility is equipped with air ducts of three different designs. Many of these ducts are made from

@Mi iramd,':p!ra! !cek:::m,;;&cni::d :tect. The ductwerk vari = in materi:1 thick == f c= 1 to 2 mm. A!:e4
used extensively throughout the facility are round polyvinyl chloride (PVC) ducts. These ducts have a wall

'

' thickness of ~6.0 mm with diameters ranging from 10 to 40 cm. In addition, there are spiralwire-
,

reinforced rubber ducts. The spiral-lockseam ducts use automatic air-control (constant volume) valves to
81 control airflow. These controllers are generally preset at 100 cfm (2.8 m / min) and serve the ducts leading

~ '

| to several glove boxes. Small ducts servicing the glove boxes, where significant quantities of airborne SNM i

_
are generated, were equipped with prefilters. The prefdters are located as close to the equipment enclosure
as possible (1-3 m). Small ducts are combined into large ducts that route the exhaust air to a final filter

: bank. In this filter bank, the exhaust air passes through 5-cm-thick medium-efficiency filters, called-

' intermediate filters, and finally through a bank oflarge HEPA filters.
' ; A' glove box and ventilation system,~ using materials and designs similar to those used at GA

~. Technologies, Inc., for the uranium and thorium-processing equipment, was set up to generate uranium
dust and for in situ holdup measurements. Figure 6 shows a schematic diagram of the glove box and
duct / Alter system, occupying ~6 x 5 x' 7 m.

' As shown in the illustration,10-cm-diam ducting made of spiral-lockseam galvanized steel as well as
PVC ducting were used in the construction of the exhaust air system. Elbows and tees constructed from

- both types of materials were also included. .To facilitate rapid teardown and reconstruction of this
Eventilation system, the ducting was not attached to the facility structure permanently but was held together

using rubber joints and clamps.

The glove box (1.5 x 0.9 x 1.2 m) was located so that the ducting could be connected to existing prefilter
boxes and airflow controllers within the facility (Fig. 6) and to provide easy access for measurement

: equipment. The locations of 14 background measurement points used in the experiments are detailed in ,

* Table IV.
O The prefilters are located in steel enclosures, equipped with pressure differential gauges to monitor

airflow through the filter. The prefilter media was a nonwc"en glass-fiber fabric supported on a wire cloth
grid, pleated to a 2-in. depth with an "open" rounded pleat edge design, and supported within a water-
resistant paperboard frame. They were medium-efficiency filters with an efficiency rating of 92E To
further capture the SNM in the ventilation system, the filtration system used for this experiment was
modified to accommodate two prefilters (shown as upstream and downstream filters on Fig. 6) before the
intermediate and absolute filters..-

-

'All HEPA ebsolute filters and their associated ventilation mechanisms are located centrally rather than,

located at or near the equipment itself. The absolute filters, rated as 99.97% efficient, were made of fire-
retardant particle board frame with a waterproof glass-mat filter media resistant to organic solvents, acids, -

~

- alkalies, and fire. The absolute filter was immediately preceded by an " intermediate" filter located in the )
HEPA cabinet to extend the life of the HEPA filter.

~

A mechanical dust-generating apparatus, designed and fabricated for this experiment, is shown
schematically in Fig. 7. The dust generator consisted of(1) a delivery and receiving bottle with funnel
assembly, (2) a vibrator assembly to assist uniform material flow from the delivery to the receiving bottle,
(3) a modified bottle cap with adjustable orifice for flow adjustments, and (4) adjustment for drop angle

Land height.

'
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Fig. 6. An isometric view of the experimental facility.

dBLE IV. Locations of Measurement Points

Measurement Background Measurement

Point' Location

1 60 cm behind glove box

2 60 cm behind glove box

3 60 cm to left of glove box

4 60 cm in front of glove box .

5 60 cm to right of glove box

6 45 cm to right of assay point

7 45 cm to right of assay point

8 45 cm to right of assay point

9 30 cm below assay point

10 30 cm below assay point

11 30 cm below assay point

12 30 cm below assay point

13 30 cm below assay point

14 60 cm to right of prefilter
housing

'Ihese numbers refer to points marked L1 Fig. 6.
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b

B. Experimental Procedures
t_

For the In situ measurement of holdup in the 3 ove box and ventilation system, commercially available!

samma ray instrumentation [Nal(TI) detector and single-channel analyzer] was used. The critical aspect
of these measurements, however, is the precise measurement of small depositions of uranium (milligram

_ quantities)in the system. Th estimation of these depositions by the direct measurement of gamma rays
2emitted from "U has serious limitations caused by the low specific activity of the nuclide and the high

background levels of thorium daughter radiations in the process facility.

; 1. Tracer Application. The sensitivity of such holdup measurements can be improved significantly by
the judicial incorporation (spiking) of trace levels of radionuclides with high specific activity and desirable
samma spectral chcracteristics. The principles of the uses of tracers and their unique advantages are
discussedin Appe.1 dix A.

The tracer material was prepared by irradiating several scaled quartz capsules, each containing ~200
. mg of U 0. For experiments involving incinerator ash, samples of ash materials were irradiated to3

prepare the tracer. The irradiations were performed in the neutron flux of a TRIGA Mark F Research
Reactor Facility. The core position had a thermal flux of ~2 x 10'8 n/cm .s. Irradiation time varied from2

~30 to 60 min depending on the sample material and the activity desired in the sample. Thus, ~10''
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fissions were induced in the 200 mg of 954cnriched U 0, sample. This amounts to < 10" nuclides of the3

tracer "Zr "Nb with an initial activity of ~3 x 10' Bq. Following irradiation, the sample was left in the
reactor pool for a cooling period of ~2 weeks to optimize the relative gamma flux of the desired fission
products before being used for the experiments.

The homogenization or blending procedure following irradiation and cooling was as follows: The
irradiated sampics were transferred to a large mortar and pestle along with 150-200 g of the bulk material.
The materials were ground together to improve blending in the bulk material. Two or four irradiated
capsules (400-800 mg of U 0, or incinerator ash) were blended to obtain the desired activity level in the3

bulk sample. The ground material and the bulk material were transferred to a V blender and blended for
20-30 min. At least five grab samples were then obtained from the blended material for homogeneity
determination. Each sample was counted to determine its activity (net counts per mmute per gram of
srmple) from the desired fission products. The blended material was considered homogeneous if the
re?stive standard deviation on the average activity was <5%. Standards were prepared from the blended
material for daily calibration of the counting system.

2. Measurements. A 5. x 5-cm Nal(T.) seintillation detector (integral assembly) was used with a
Ludlum Model 2218 dual-channel analyzer to measure the in situ activity from uranium holdup. A lead
shield /collimator was constructed for the detector to provide a 7.5-cm long collimator and 1.5 cm of
shielding around the detector that tapered to 0.75 cm around the photomultiplier tube. A 1024 channel
multichannel analyzer (Canberra Series 30) was used in parallel with the single-channel analyzers in the
Ludlum dual-channel analyzer to provide a pulse height spectrum of the fission product gamma rays and
an energy calibration to determine the peaks ofinterest. The multichannel analyzer was also used to
qualitatively determine the spectrum shifts on a day to-day basis. A 6-m-long shielded coaxial cable
carried the signal from the phatomultiplier tube to the Ludlum instrument amplifier. The same cable was
used to supply the high voltage to the tube.

A separate 7.5- x 7.5-cm Nal(TI) crystal / single-channel analyzer counting system was used to assay
cleanout materials from dust generation. This counter was located in a low-background area of the facility
and used a totally enclosed, lead-shielded assay chamber to maximize the signal-to-background ratio and
hence improve the sensitivity of the measurements. This system gave a signal-to-background ratio
improvement of ~3 over the in situ measurements, which coupled with the fixed detector configuration,
allowed for greater precision and accuracy in the measurements.

All airflow measurements were made in linear feet per minute of air flowing acrosa the air inlet to the
glove box. These mea >urements were made with an Alnor Junior Type 8100 hand. held velometer for
airflows below 800 fVmin (245 m/ min). For the higher air velocities, an Ainor Series 6000 P velometer,
capable of measuring air velocities up to 10000 ft/ min (3000 m/ min), was used. This velameter used a
pitot tube arrangement with a probe, abSh was inserted perpendicular to the laminar .tirflow. To
accommodate this velometer, a 75-cm-long rectangular duct extension was attached to the air inlet filter,
allowing several measurements across the width and length of the tube. Care was taken that these
measurements were not obtained at points very close to the glove box face or the duct sides as the airflow
patteres along these edges may vary because of "end eflects." With the Ainor Junior velometer, sin
readings were usually recorded at the face of the air inlet filter as a measurement of the airflow into the
glove box.

C. Dust Generation And floidup Measurements

Uranium dust was generated from three difTerent materials: an incinerator ash containing ~10%
uranium, a finely powdered U 0, with particle size up to 45 pm, and a coarse U 0, powder with particle3 3

site up to 200 pin. Each experiment involved 10 dusting cycles wherein i kg of the material was
reproducibly poured from the delivery bottic of the mechanical dust generator to the receiving bottle. The

17
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k .

f
.

}- - airflow through the glove box was set at one of three settings (high, medium, or low) by adjusting a
&- . MITCO control valve located beyond the exhaust filter of the experimental system (Tal>1e V).

4 Seven separate experiments were conducted using various airnow rates and materials combinations as

a shown in Table V. Briefly, the dust-generation and holdup measurement procedures included the following
- steps:

1. The delivery and receising bottles of the mechanical dust-generating apparatus were initially
weighed, A known quantity of U 0,(or ash) was placed inside the delivery bottle and mounted on3

the dust generator.
2. The airflow control valve was adjusted to get the desired now rate at the inlet of the glove box as

measuret: by a velometer.
,

3. Dust generation was initiated by opening the spout of the delivery bottle and starting the vibrator
attached to the stand (Fig. 7). The dust generator was located in the glove box such that the airflow
through the glove box Dowed across the falling U 0,(or ash) and carried the dust through the glove3

box, ducts, and filters.
4. The processes of pouring the delivery bottle contents into the receivir., bottle an't repouring the

material to generate dust were continued until ~10 kg of the material was poured rrom the delivery
bottle. The pouring of the contents of the delivery bottle into the receiving bottL cc nstituted one
dusting cycle. Each experiment had 10 such cycles.

5. The delivery and receiving bottles were reweighed to determine the weight loss of aaterial during the
dusting cycle.

6. The bulk U 0 (or ash) in the bottles was removed from the glove box and placed in a shielded
3

storage area.
7. The In situ holdup of uranium was measured at 14 points (Fig. 6 and Table IV) using the shielded

portable Nat(TI) crystal and the Ludlum dual-channel analyzer described in Sec. til.B.2. These
measurements were made after either each cycle or a pair of cycles. At the end of the 10th dusting

cycle, the airflow was reduced to minimize material movemer.t in the ventilation system, and
replicate in situ measurements were made.

8. At the end of each experiment, the ventilation system serving the experimental glove box was
carefully dismantled and cleaned out using rags. These rags were carefully collected and placed in
special containers, and the amount of uranium in these cleanout samples was determined
nondestructively using a separate counting system described in Sec. III.B.2.

These steps of dust generation, In situ iioldur .ncasurements, and cleanout measurements were repeated

for the seven experiments.

T5BLEV. Experimental Conditions

AirCow

Low Medium liigh
,

Materials (5 cfm)' (45 cfm)* (100 cfm)*

Fine U 0, Expt. I Expt.2 Empt. 3
3

Ash Expt. 4 Expt. 5 Expt. 6

- - - - - - Expt. 7Coarse U,0,

'l efm = 28.32 t/ min = 2.832 x to-8 m'/ min.

I8

m.
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g Seven experiments were conducted during this invesd, ination of hold ip of uranium in a dust-generating
. operatiori.' The highhghts of the resdte-are presented iri this section. A more detailed discussion of the

2^ .modehng of holdup is' given in Sac: III.E, and the rest.!ts of NDA measurenients employing the radioactive
'

: tracer and gamma-ray spectroscopy are provided in. Tables bI through C-XV.

A a general,;the effects of varying operat'ngtcordii ns.were reasonably pred,ictably For example, thel~

,

i change in measured holdup of uranium dhsCon the exhaust air filter as a function of material throughput'

Y and' airflow level is illustrated in Fig. 8. As expected, h3Idup incr&ses with througliput as well as with
arflow. .H ^ 'd ,(''' r

7~

,A ~ Data collected at the first elbow,(measumment location 8 ire Fig'. 6) provide another example of material

;, deposition as a function of_ throughput d shown in Fig. 9.'The dependence of holdup on operating
~

conditions is not as well defined as for the filter because of the relative magnitude of measurement errors.

g4f?The elbow' and filter represent the two extremes of the' kind of holdup data obtained during this
~ ~*

uhsd?*XPerunentai study. _ _
, f

egmm~
.T dity d the holdup estimates obtained was generally quite good. Weig$t loss values, which are

7 simply'the difference's between'the amount of materials At the start of an experim'ent and the amount
N~. remaining at the end of dusting operations,are obtained for each of the seven experiments. A comparison

W Lof gravimetric w' ight-loss values with their as1xiated model-based estimates (which used only NDA data)
..

e

Tsives the.best measure of the accuracy \of the estimate of%verall system holdup. Tables VI and VIIs *

. , ' , . isummari.ze this info.rmation ' Y. % T., '- wL _
.

W 1 For the uranium dust-generation experiments described inbove, holdup was estimated with roughly 20%
'

Jaccuracy. Had the objectives of the work been somewhat ditTerent, accuracy of ~10% could have been
actueved with the same overall level of effort. This would have entailed devoting proportionally more .

,
.

7* resources toward measurement of the glove box floor and filter, which combined represent >80% of the
(total system holdup but received only about one-third of the measurement efTort. Proportionally more,

'

work'on. instrument calibration also would have improved the final holdup estimate. As it was, much
'

,]
' , , Jaseration wi6'given to examination of materials deposition in the 5-m length of ductwork that connected, .

' ;the glove boe and filter even though a relatively small amount of holdup was involved. Thi: attention
j _eanbleifthe ' development of useful models for the various components of the systemisuch as vertical and*

h ,f h'orisontal sections of ductwork about measurement points 6 7 and 11-13. Although differences were2

' ' 1 TolanEried in the pattern of material deposition along the length of the ductwork, no relationship between
holdup |and the materials ~(meital and plastic) used in the construction of this system was identified.[jf9 L in practice, it is not possible tqobtain measurements analogous to the weight-loss values listed in Table-

'

(ylqData " collection $$llylvolves either #r situ measurements acquired through use of NDA ~'

L

isstruaEatatMs.or maisurements ' adelollowing a shutdowd and cleanout of process equipment. Them
,

Q~1atter procedure is~mergtisde sonsum'og and process disruptive. Of these two alternatives, better
intbrmation isppically available-follohng a cleanout since holdup measurements can be obtained in a
tietent environrwnt and,~ perhahs, using rhore' accurate analytical methods. However, it should be- - o

'~

~ ltocognized that s cleanout can'not' recover 100% of the actual holdup because a small residue invariably
DN N Mains. In the' context of this' experimental study, the gravimetric measurements of the loss of uranium

NfNme the dus[g'e'Ecratof is 'the best estimate of the total holdup within the system..Of this amount, the
~

,,

,M measured regio'ns retain most of the uranium; a small amount has escaped the prefilter. An examination of
~

'

'

jTable VH shows that M " gravimetric'| values of the holdup derived from the weight loss of uranium in thef
p. * < dust gener'ator are generally higher than in most other processes.

mW Wh$t? car: is exercised in in situ measurekients, however, results can be comparable with cleanout.
'^

SuchDasgase in this experimental study (Tnble VII). Because of the controlled experimental,.

E conditions [;use of tracers, and' frequent. collection of data, estimates 'of holdup based on In situ
measurements were as good as those based on cleanout. However, there was no systematic attempt made^

_

_

1to measure the amounts of uranium that may have passed through the prefilter and escaped from the
,

t , . qi

' 4 *# '- \ (
. _ 49-
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TABLE VI. Comparison of Model-Based Estimates with
Weight-Loss Values *

Airflow Level

[ Material Low Medium High
*

Type- (g) (g) (g)

Fine U 0 - 3.56 ~ 3.11 6.223

(4.19) (3.20) (6.20)
15 % 3% 1%-

~

Ash I.66 1.20 2.50

(l.31) (I.53) (3.06)
27 % 22 % 18 %

Coarse U 0 - -- 1.603

, s:@i ;'n --
=- - - (2.26)

- -- 29 %

*For each set of experimental conditions, the first value is the
: estimated total system holdup obtained by modeling. The second

''
value (in parentheses) is the measured weight loss of material and
represents the "best" figure for the actual amount of material in the

# system. The final value is the relative error, or difference between
estimate and weight loss divided by weight loss. As is often the case

r f,.c z. J N| with historical data, the relative error here is larger when small
'E ' amounts of material are involved because the background is highers> -

,

. relative to the source.
. t

'

- TABLE VII. A Comparison of Holdup Estimates by Different Methods

Estimated Holdup (a)

Experiment
No. ' Material Aiflow NDA Cleanout Gravimetric

Fine
'

I L. U0 low 3.56 3.59 - 4.19
3

Fine

.2 - U 0,. medium 3.11 2.70 3.203

Fine
U 0, high 6.22 5.10 6.20-3 3

'

4 Ash low 1.66 1.06 1.31

5 Ash medium 1.20 -1,25 1.53

n -6 Ash ~ high 2.50 2.51 3.06

Coarse

7: U 0, high 1.60 1.89 2.263

-

w
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mondored regions of the experimen' al glove box / ventilation system. It should be reiterated that the spiking4 f .

t

iH@ ~ 'of material in the experiments allowed for considerable improvement in the quality of measurement data
''

J over'what would have been o6erwise attained.n
,; - y :The findags of this investigation confirm that estimation os uranium holdup in a dust generating

V '

operation using' direct NDA measurement is a nontrivial, time-consuming task. Cleanout measurements to

[ - ..eccomphsh the same objective, although highly disruptive for a facility operation, may not in all cases
C '

provide any greater confidence in the holdup estimates.

m- g . It is possible to obtain high-quality estimates of holdup from either modeling ofIn situ measurements or
' ~

^ Rom cleannut measurements if a sufficient effort is invested. The potential value of holdup estimation
d ntodels should be judged in the context of other options that are available and the costs and process

disruptaons that accompany such efforts.
.

j
-

4
'

?E. Modeling

% hnk&|@ & = x- . ' ..
'28A genenc report presented a nontechnical discussion of the benefits and limitations of the statistical
I'

~ modeling of materials holdup. Here, models for several of the components are introduced and used to
.

-G develop a' single model for estimating holdup in the entire glove box / ventilation system.

[
_+ f physical features of the filter system, the characaristics Tthe airflow, and/or the materials suspended ini

_

1.' He Filter. The development of a holdup estimation model for an exhaust air filter, based on the '

'

_

. the erstream, is extremely difficult. However, careful measurements of the materials retained on an
y exhaust filter over time and a knowledge of the materials throughput of the system provide a simple,

: reliable method of developing 'a holdup estimator. Previous work on the air filter at TA-SS addressed this'

- topic | and a model demonstrated in Sec. II.C to have value for holdup estimation on exhaust filters is
'

., s

(h(t) = at + St , -
'

8

.

where t denotes the throughput of the process as measured from the time the filter was installed and h(t)is,

3;# - the accumulated holdup at throughput t. The unknown parameters (a,5) depend on operating conditions

_
.

. and are usually estimated from the data at hand. Given estimators (6,$) of the parameters, the associated
m 7 yfunction is

'

-

O li(t) = st + St , -2

iwhich can be used to provide holdup estimates for known throughputs, even for those for which no
~

measurements are made.
1 Consider the data from the low-airflow run of the U 0, experiment (Fig.10). The fitted model here is3

li(t)'_= 0.0232t + 0.0014t ,2

where throughput is measured in kilograms and holdup is measured in grams. Obtaining estimated valuesc
. is straightforward. For example, at the conclusion of the experiment, t = 19 kg and the estimated holdup is

, .

' , . li(10) = 0.372 3. A similar approach can be pursued for the results of other experiments, though the values -)
# of(5,$) will be different for different operating conditions (Fig. 8).

,
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. Fig.10. Holdup of uranium on the filter from the dust-generation experiment at low airflow. |

|

: 2.' Elbows. Consider the elbow at measurement point 8 in Fig. 6. Because of the geometry involved, the

.

_ L amount of holdup (per unit area) near the elbow can be markedly different from that at the top of the
: vertical segment associated with measurement point 7. This spatial " discontinuity" means it is useful to
: model the elbow separately.

. The measurement history for the elbow at location 8 for the low-airflow experiment with U 0, is plotted3

~ (in Fig.11. Note the increase in holdup as a function of throughput. Unlike data from the filter, however,
. there appears to be no strong evidence of a nonlinear increase. The holdup model for the area about
location 8 at throughput t is then

-.6e(t)=.6,t,.

where the estimated parameter 6, is obtained from the observed data.-

1 Similar models for the areas corresponding to measurement points 9 and 10 can also be derived; that is,

6, (t) = 6,t and*

. 6,, (t) = 6,, t '.
,

- In all cases, it is possible that if the measurement histories were based on a longer time period, a model
: nonlinear in t might be appropriate. For the cases at hand, though, linear approximations are adequate.-
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32 The Glove Box Floor. Modeling of the filter and elbows involved capturing the measurement history

[ ? by 'a function of one variable, S(t). In some cases, a function of several yariables is involved.
Consider estimating the amount of material that has accumulated on the glove box floor through the use- , ;

[ 1 .of measurements obtained from detectors suspended at a height h over the floor. Figure 12 depicts this
*

' -~situsten when three measurement locations are employed. At throughput t,let the function d(t,x,y) denote

i the density of material at location (x,y) on the floor. The total holdup is then
,

, . - LW-
'

* ,
. h(t) =f f d(t,x,y) dy dr ,-

'

. .

. 00'

. where (L,W) denotes the (length, width) of the glove box floor. The objective of modeling is to use the data
. to develop' an estimated density function 3(t,x.y) and estimate the holdup byu

. <. .
- - -

.. LW-

- 6(t) =f f 3(t,x,y) dy.dx ~ . (4)
.

'-00

*

The data used for this application arise from the low-airflow run of the U 0, cr.periment. The glove box3

- floor is.132 x 66 cm, and measurements are collected from a height of 97 cm above the three locations:
~

4

(x,y) = (13.97,42.55), (54.61,31.75), and (97.79,34.29) .

TThe measured amount of material accumulated on the walls was negligible, and the deposition on the>

ceiling of the glove box was assumed to be negligible.

| 24 j
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Fig.12. Three detectors suspended over a glove box floor.

' To develop the model, it is useful to consider a single measured value obtained over location (x,,y,) at
~

: throughput t (see Fig.13). The limiting value of the holdup at the point (x,y) recorded by the detector is ,
.

,

#~
d(t,x,y)

# * ~ *8) + (I ~ I' < '

[n(t,x y) = , h2 + (x - x,)2 + (y - y,)28

.

=0- . otherwise
,

where h + (x - d ): , (y,_ y,)2 is the square of the distance between the detector location and (x,y), r2
i

reflects the " range of vision" of the detector, and the normalization constant c, corrects for such factors as

efficiency of the measuring device. For the example, r = 34.3 cm. The detector above (x ,y,), whichi

: receives signals from many locations, records an integral holdup represented by

- 46 132

j, N(t,x,,y,) = f f. n(t,x,y) dx dy (5).

.

'OO

' In practice,Lthe limiting value of holdup n(t,x,,y,) cannot be measured directly, and this adds a minor

b compbcation to derivation of the estimated function' 3(t,x,y). However, the process ofintegration in Eq. (5)
" smooths" n(t,x,y) about a region of(x,,y,). If the density function d(t,x,y)is approximately linear in x and

- y or if the range of vision of the detector is sufficiently small to ensure tha' d(t,x,y) does not chsnge much
for (x,y) in that range of vision, then net count rates can be calibrated as if the material were ur.;formly
spread over that range..

- E A first sty in modeling is to determine, to whatever extent possible, the form of the density function
,

' - d(t,x,y). The model used for the GA Technologies, Inc., data is

i ~ d(t,x,y) = st + ptx + yty , - (6)

where t denotes throughput and (a, $, y) are unknown parameters. The postulated model follows from
standard response-surface methodology and is easily interpreted. At a given location (x,y) on the floor,88

, .

..the density increases proportionally to throughput. At a given throughput t, the density varies linearly as a

N fhaction of x and y. Uniform deposition is included as a special case ($ = y = 0). Of course, other forms of'

density functions besides Eq. (6) could be considered if warranted by the data.
'

.
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f' Substitution of Eq. (6) into Eq. (5) yields the relationship

' N(t,x,,y,) = at c 8 2

2 - [h + (x - x,)2 , (y _ y,) ]-8 dx dyi;

(x - x )2 + (y - yi)2 < ri .
%~ ~

0.< x-<:132
0 < - y < 66

-

:ff-+Stj'|c, x[h + (x - x,)2 + (y - y,)2]-' dx dy2 '
.

,
~

2(x - x,)2 + (y - y,)2 < r.

.

'

O < x < 132
,

- 0 < y < . 66

y[h2 + (x - x,)2 + (y - y,)2) - dx dy}'{E +4 c' ff:s

y ja.: , 1. (x - x,)2 , (y _ yg): < r2

..0 < x <.132
L ; ' '- .0 < y < 66
y. - -

| W
Though nontrivial to compute, the integrals in brackets are constants and N(t,x,,y,)is a linear function of

~ the unknown parameters (a,p,y). Similarly, integral holdup values N(t,x2,y2) and N(t,x3,y3) are also linear
'

in the parameters.
, ..

These observed holdup values are "true" holdup measured with error, and from them can be obtained
estimated parameters in the linear model. The estimated density is then'

.

; 3(t,x,y) = st + Stx + ity,' (7)
,

''
f which is integrated as in Eq. (4) to provide the holdup estimator 6(t). For this model, h(t) is a linear

'

function of (6,$,y) so that error propagation is straightforward.
' As an application, consider data collected from the low-airflow run of the U 0, experiment (Fig.14).3

- - Note the approximately linear increase of the net counts with respect to throughput exhibited at all three
locations. Also, the observed holdup appears relatively uniform across locations,in this instance reflecting

the smoothing discussed previously.
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L Upon fitting the model to the data, a joint hypothesis of(p,y) = (0,0)is significantly rejected, indicating
- L nonuniform deposition. The estimated density is higher in the region about (x,,yi) = (13.97,42.55) than in

: the region about (x3,y,) = (97.79,34.29), confirming suspicions based on visual inspection of the glove box.
The estimated holdup at the end of the experiment, t = 10 kg,is

- 66 132
'li(10)= f f a(10,x,y)dx dy .

OO

- 2.68 3 - ,
-

which is in good agreement with the cleanout value,2.713
Use of the prochetive Eq. (7)is relatively straightforward and parallels usage of the model developed for

the fiker. Model-based estimates can be used for estimation of holdup for a brief period into the future, at

:.which point additional measurements are required to validate the model and update parameter estimates.
For these purposes, future data need not be collected at the same locations cor with the same frequency as

~ in the initial experiment.

4.The Vertical and Horizontal Docts. Rising from the top of the glove box is a vertical pipe (segments'

6 and 7 in Fig. 6). To develop the model for this component it is necessary to introduce son'e notation and
the mathematical concepts used here.

: When measuring holdup that has accumulated on the interior surface of a vertical cylinder (or pipe), the
experimenter must deal with the geometrical aspects of the problem. Because the " range of vision" of the
detector is a cone emanating from the point of measurement and holdup is deposited on a cylindrical

. surface, modeling is most easily developed using spherical coordinates.
~
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' Consider a set of points in three-dimensional space. In the " usual" coordinate system, a point is i

described as (x,y,z) as in Fig.15.

:

1
owJ

J
|

"''' . [ |='
,

!

fs0)

% . .., , .
-

i~; ^ . . . . , , . . . . . . . . . . . . . . . . . . . . .
'

.. ., . /. i . ,1 .. ! . . . . i ...... . ..
........i.,,,,....

Fig.15. Spherical coordinates in threedimensional space.

If we were looking from the point (0,0,0) toward the point (x,,yi,0), we would have to reise (or lower)
. our sights to see the point (x ,y,,z,). Letting ( denote the angle through which we raised our sights, iti i
follows that

,

z, = D, sin ( .

where

D, = fx| + y| + z| .

If we were looking from the point (0,0,0) toward the point (x,,0,0), we would have to turn our heads to
the left (or right) to see the point (x ,yi,0). Letting ( denote the angle through which we turned our heads,i
it follows that

x, = D, cos ( cos (

and

y, = D, cos ( sin $

l
' because the distance from (0,0,0) to (x ,yi,0)is )i

W + y|~ = D, cos $ .
I

The three-dimensional coordinate system is thus " transformed" from one involving (x,y,z) into one
involving the distance D = V x + y' * z and the ang!:s ($,0).3 3

28
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Now consider material held up on the interior surface of a vertical cyclinder that is being measured by Jj, ,

detectors. I et the etectors e ocate at t e po nts {(x,y,z) = (0,0,z)}, and let the center of the cylinder rund bl d h i
, . .

[ . vertica'ly through the point (x,y,z) = (c,0,0). In other words, the detectors are stacked vertically above the

point (0,0,0), and the center of the cylinder runs parallel to the line of detectors and is a distance e away
(Fig.16).
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INTERIOR RADIUS OF PIPE = r

CENTER OF P!PE RUNS VERTICALLY

- THROUGH THE POINT (X,Y,Z) = (C.0,0)

PIPE RUNS 213 CM (Z= -61 TO 152)

Fig.16. Side view of detector and vertical cylinder.
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' If the vertical coordinate z takes on values from a to b and r is the interior radius of the cylinder, the set
of points on theinterior surface is<

S = {(x,y,z)| (x '- c)2 + y = r and a < z < b} .2 2
.

p : Expressed in the spherical coordinates of Fig.16. the equation (x - c)2 + y = r is equivalent to2 2

, (D cos ( cos 0 - c)2 + (D cos ( sin 6)2 = r
2

,

a
~

' .; .

[cos' $]D + [-2c cos ( cos 9jD + [c - r } = 0. (8)
2 2 2

~

W rig - Note that for fi =d.!ine of sight ((,0), this is a quadratic function in the distance D. The two roots
"

. correspond to the points where tne line of sight " enters" and " leaves"the cylinder. Call the roots D.,,(4,0),.

and D ,($,0)(Fig.17).-
1 From its location (x,y,z) = (0,0,z ), the jth detector een see up/down from angle -A to +A'. The same is3

.true from right to left, although it is clear from Fig.17 that the cylinder lies entirely within the right/left
angle 8 for

4 a (sin -'[-r/c], sin-' [r/c]) .

The jth detector receives nonzero net signals from alllocations in the intersection S n R , where S is the
3

interior surface of the cylinder as before and R is the range of vision of thejth detector. For the detector atj

. location 6, (x,y,z) = (0,0,0), we ha,ve ,

R = {(D.4,0)| D > 0, sin'( & sin 0 s sin' A} .2

The postulated density function takes the form

' d(t,7,y,z) = St + $tz .

T

h. -e r

omcson , =n~

| |
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Fig.17. Overhead view of detector and vertical cylinder.
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This is interpreted as follows:
I - 1. At a given location (x,y,z). the amount of materialincreases proportionally to throughput t.

' 2. At a given throughput t, the density varies linearly with height z but does not depend on x or y. The
difference in air velocity at the top and bottom of the pipe servicing the glove box accounts for the

. change in material deposition as a function of height.

Expressed in spherical coordinates, the density is

d(t D,$,0) = at +f tD sin $ . (9)

Consider the r.ieasurement from location 6, (D,$,0) = (0,0,0). For a given line of sight ($,0)in the range
of vision R. of the detector, nonzero net signals are received from two locations at distances D ,,($,0) and

DJ,($,0) as indicated in Fig.17. The integrated value cf the holdup at this location is the collection of all
such signals in R.: that is, analogous to Eq. (5) from the modeling of the glove box ficor, the value of

W , N(t,0,0,0) from iveation 6 satisfies

t N(t,0,0,0)= c, f f fd[t,D,,,,, ($,0),$,0 d[t,D,,,,(&,0),4,0] f di'd0
,

1 m,. (+,0) m.. (+,0)
,,

p".:
The roots of the quadratic Eq. (8) are

' c 3 2 3

- DM ($,0) = cos $ [cos 0 - /(r /c ) - sin 0 ] (10)

and
q-

*

ik . D , ($,0) = [cos 0 + V (r /c') - sin' 0 ) .
3

- Substituting d(t,D,$,0) as in Eq. (9) and D.,,($,0) and D,,,($,0) as in Eq. (10) gives

sin ~' (Vsin A - sin 0)[ sin-'(r/c)
8 2

- N(t,0,0,0)'= at c, f f
sin-'(-r/c) sin-'(- Vsin' A - sin 0) -2

\2
cos'& cos &

' d$ de
c (cos 0 ytr'/c )-sin' 0j2 c (cos 0 + / (r /c )+ sin' Oj22 3 2 8 2

Y>

sin-'(r/c) sin ~' (Vsin' A - sin 0)+yt[c,
2f. .

S 5

p
-

sin ~'(- / sin A - sin 0)sin-'(-r/c) 2 2

'

c;

" ' '

sin & cos & sin & cos &
> d$ d0 1 -

2 3 2 3 2i; c [cos 0 - V(r /c )- sin' 0] c [cos 0 - V(r /c )- sin 0J

|^
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- The integrals in brackets are constants for fixed values of r. c, and A. Once these integrals are found,

_ ~ ~| estimation of the parameters (a.fi) can be pursued as with the example of the glove box floor.
.

Corresponding integrals exist for the integrated holdup at other locations. This yields an estimated density

QC
'

function and thus estimated holdup.

. For the GA Technologies, Inc., data, we have r = 5 cm, c = 40.7 cm., and A = 19.2*. The detector was
placed at locations 6 and 7, (x,y.z) = (0,0,0) and (0,0,106.7 cm), respectively. Data from the low-airflow

f run of the U 0, experiment are plotted in Fig.18. and the estiinated density function is, in units of. . 3

| milligrams per square centimeter. .

,

' 3(t.D,$A) = 0.00196t + 0.0000273t D sin ( .

.

0.04 , , , . .

NQ; 4 A LOCA?'ON 6 - =
' "'

0 LOCADON 7
s <

,

* ,/
_0.03 - /, - i

'

. o *

,/'

/
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/ * /- .

c.02 - y' '-
' '

,. /s
/

0.01 -

o,/
--

'

,
'

/ . .

f' a

NI! I ' ' ' 'o,00
O 2 4 6 8 0 j

THROUGHPUT (kg)

C Fig.18. Measurements on the venical c)linder.

g.

' As espected, the estimated density increases as a function of the height D sin $. At the conclusion of the
esperiment, t = 10 kg and the estimated holdup is

,
- . li(l'0) = [3(10,D,$,0) dD d$ de

s
,

= 0.168 g ..
;

This value agrees reasonably well wi;h the NDA measurements.*

The horizontal segment of ductwork, roughly 2 m long and covering measurement points I l 13, can be
modeled using the same principles. A first step in such modeling is to look for change (or lack of change)in i

~ holdup over the segment of ductwork. In contrast to data from the vertical segment, materials deposition |
here did not appear to differ from location to location, and thus a simpler model can be used. A plot of the |

7
measurement histories at locations 11 13 from the low airflow experiment with U 0, is given in Fig.19. ;
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Pls,19. Holdup measurement history (for low airnow measuremems with 11,0,) at locations
11 13.

..
If materials deposition were uniform throughout the length of the duct segment, data at each of the

8; measurement points could be used to estimate the total amount of holdup. As at the elbows, a lic ar
increase in materials deposition as a function of throughput is indicated by the data. A model for the

; doneity o(material (holdup per unit area) at locations (x,y,r), where the left end of the horizontal ser, ment,-

f is teen for convenience to be at (0,0,0), is

d, (t,a,y,r) = e t .,

y

That la, the' density depends on throughput t but does not depend on the location. The estimated holdup for
the segment of ductwork is then

6(t) = [ si (t,a,y,r) da dy dan
s

#
Aat= n ,

where 5 again denotes the duct's interior surface, A is the associated surface area, and 6,is estimated fromo

the data. .

k
S, neodoling the Glove Boa System. Once models for the components of the glove bon system (such as

p" flher, glove boa floor, or horizontal duct segment) have been developed, they can be combined to )ield a
model for the system as a whole. The estimated system holdup is simply the sum of the estimated amounts

DL of holdup in each of the components. A model for the system can be obtained by " adding" the models for
the individual components. An saample of this for the low airflow emperiment with U,0,Is 6 ven in Tablei

Vill.
It is importont to note that the estimated parameters for a given component may be difficult to obtain,

as in the cases of the glove boa floor and vertical segment where nonuniforn' deposition must be accounted
for and latogration of an estimated density function is involved. Also, when updating the model for the

t'
))
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TABLE Vill. Summary ot'Modeling Results for Low-Altflow Experiment with U 0,6
3

Measurement Model for Low Airflow Estimated Holdup (g)
Coniponent Point' Experiment with U,0," Throughput = 10 kg*

Glove box sides 1-2 6,(t) = 0 0

Glove lux floor 3-5 6f t) = 0.2677: 2.677

Vertical segment 6-7 6,(t) = 0.0168t 0.168

First elbow 8 6f t) = 0.0027t 0.027

Segment hetween 9 6,(t) = 0.0086t 0.086

elbows

Second elbow 10 6 (t) = 0.0036t 0.036
3

Horizontal segment Il 13 h,(t) = 0.0195t 0.19$

Filter 14 Sft) = 0.0232t 0.372
840.0014t

System total 1 14 6(t) = 0.3428t 3.561

+ 0 0014t2

System weight losa 4.193

'See Fig. 6 for detalls.

*The nuisber of significant Ogures in the tabulateo data in columns 3 and 4 of this table is not a representation of the
accuracy of modeling estimates. See Table VI 'or reladve errors of estimations.
e-

systent (that is, using additional data to check model performance and update parameter estimates), the
individual components must be updated separately and re added to give the revised system model. Perhaps
the primary value in develop..g an overall model for the system is to characterire the system holdup as a
function of relevant variables for a given set of operating conditions. For exarnple, results from the low.
airflow experiment with U 0, indicated that, beginning from a " clean" state. holdup initially accumulates

3

roughly propottionally to throughput. Of course, the same need not occur under other operating
conditions.

6. Comparison of Experiments. The models used in all experimental work are of the same structure as
those described in great detail for the low airflow run with U,0.. Thus, it is not necessary to repeat that
model development here. 't he only (minor) differences in modeling occurred when the cleanout from the
previous experiment left a small amount of material for the beginning of the next one. A term was added to
the model to account for this when necessary.

The effects on holdup of varying operating conditions were reasonably predictable. Increasing the
airflow level deposited additional material into the ductwork and filter. Not only was the amount of
material in these locations increased but so was the fraction of the total system holdup residing there. Use

of fine U,0, powder generated the most holdup of the three materials, with ash next, and finally the coarse
U 0, material.3

Throughout the experiments, holdup behavior at the individual measurement locations rer.1ained
relatively stable. On the face of the glove box (measurement locations I and 2 in Fig. 6), there was no
indication of appreciable material deposition as a majority of the net count rates obtained were negative.
Iloidup on the glove bot floor (locations 3 $) exhibited nonuniform deposition with the greatest
concentration of material usually on the portion of the floor beneath the sertical segment of ductwork
rint.g from the glove box. On the interior walls of the vertical segment (toentions 6 and 7), deposition

34
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increased as a function of height. At the two elbows and adjoining segment (locations 8-10), holdup
accumulated in an approximately linear fashion with respect to throughput at each measurement point as
described in Sec. Ill.E.2. The horizomal segment of ductwork (locations 11-13) exhibited no evidence of
nonuniform deposition; that is, in contrast to the vertical segment, there was no significant difference in
accumulated holdup among the three locations. Finally, measurements on the filter (location 14) exhibited
a r alinear increase in holdup in accordance with the model discussed in Sec. IlLE.1.

IV. EXPERIMENTAL STUDY OF URANIUM llOLDUP IN A LIQUID-LIQUID EXTRACTION
PULSE COLUMN

Liquid-liquid extraction processes for the separation of uranium and plutonium from fission products
and other impurities are widely used in nuclear fuel reprocessing plants and scrap recovery cperations at
nuclear fuel materials preparation and fahrication facilities. The chemical separation processes for the
extraction of uranium and/or plutonium are based on the differences in the abilities of the nitrate salts of
cations to form neutral complexes with tributyl phosphate (TBP). These neutral complexes are lipophillic
and are soluble in sn immiscible TDP phase, where they are essentially un-ionized. Actinide e!cments in the

+4 and +6 valences form stronger complexes than almost any other element. Metal nitrate salts in which
the metal valence is +1 +2, or +3 are virtually not extractable under these conditions. These features
provide the basis for PUREX separation for spent fuel reprocessing and extraction of SNM during scrap
recovery operations.

'

In practice, the separation and purification of uranium and plutonium are achieved using a series of
solvent-extraction contactors in which uranium and plutonium are selectively extracted into the organic
phase containing THP through countercurrent aqueous and organic streams. Three common liquid liquid
extraction contactors are mixer settlers, pulse columns, and centrifugal contactors.

The objective of this investigation was to attempt to develop holdup estimators for a pulse-column
liquid-liquid extraction system using concentration profiles developed from extensive sampling and
analyses during steady state operations of the pulse columns. The principles used in developing such
estimates of SNM inventories are applicable to estimating materials holdup in liqu!1 liquid extraction
contactors during steady state operations as well as in valved-off and drained column conditions.
Significant quantities of SNM remain in these pulse columns during steady-state operations and plant
shutdown conditions. The runout inventories (residual holdup)of the pulse columns after a solution dump
are small compared with the in process inventories. All these inventories are ofimportance to materials
accountabilityt however, estimating the column inventories in an operating plant is extremely diflicult. The
method of estimating inventories of SNM in liquid-liquid extraction systems by means of direct NDA
techniques is desirable, although such measurements have yet to be fully developed for a processing
facility.

In a recent attempt to determine the residual holdup of uranium in pulsed extraction columns, three
pulse columns at the Y 12 plant in Oak Ridge were flushed out with 50% llNO , and the uranium contents

3

of the cleanout solutions were determined using a solution assay system. The results of these measure-
ments" indicate that only -l% of the steady state inventory of the column remained as residual holdup
after column dumps. The average value of the inventories of IIEU in the three columns before dumping
was 6 kg of IIEU. and the average residual holdup of uranium in these columns was <80 g. Attempts to
perform in situ measurements of this residual amount of uranium in an operating plant with the associated
spatial distribution of uranium in the column and radiation background prob! cms caused by uranium
imentories in the vicinity would only have been a futile exercise.

The experimental studies described here offer an alternatise approach of developing holdup estimation
models for the pulse column from known process parameters and a limited number of measurements.

H

.



. _ _ - - - - - - - _ _ _ _ _ _ _ _ _ - - . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

(
.

7

.

A. Experimental Study

A pilot-scale pulse-column profile study was sponsored by the Los Alamos National Laboratory at them

[ Allied General Nuclear Services (AGNS) facilities at Barnwell, South Carolina.2' This experimental study
ws.s designed to investigate pulse-column operations using only uranium. The pulse columns of this pilot
facility were equipped with samplers along the length of the column to collect samples for uranium
analyses and to develop the pmfile of uranium within the column during stesdy-state operations. In
addition, a few analyses of the column dumps were performed to assess the value of the integrated
inventories developed from column profiles. Although the primary purpose of these pilot-scale experiments
was to assess computer programs deve:oped for pulse-column profiles, the data obtained during these
experimental studies are valuable for developing holdup estimators or column inventories of uranium after
steady-state operations are reached. In the following sections, details of the pilot-scale experimental studies
are presented with emphasis on two experiments (2A.3 and 2D-2) relevant to this holdup study. The data
from these expebients are used in the development of estimators for uranium hoidup in the pulse
columns.

i

B. Equipment and Facilities

The equipment used for the two experiments consisted of two glass pulse columns (I A and IB) as
illustrated in Fig. 20. Auxiliary equipment included circulation pumps as well as stainless steel tanks for
feed solutions, product (s), and waste (s). Column I A, with a diameter of 5 cm, was an extraction / scrub
pulse column with a height of ~8 m. Column IB was a stripping column with a diameter of 7.5 cm and a
height of ~6 m. Both pulse columns had 0.15-cm thick plates spaced 5 cm apart with ~23% free surface
area and plate orifice diameters of 0.3 cm each. Both pulse columns had tnp and bottom disengaging
sections made of glass. The top section was vented and the bottom one was connected to a bellows-type
pulser. The aqueous and org mic interfaces were controlled automatically at the bottom of the oisengaging
section of columa I A and at the top section of column IB using two titanium conductivity probes to
regulate air-operated control valves at the aqueous phase outlet.

The pulse columns were provided with sampling ports as shown in Fig. 20 (Al-All and Bi B7). There
were live sampling ports along the scrubbing section of column I A and six along the extraction section.
The stripping column IB had a total of seven sampling ports.

C, Experimental Procedures

Unirradiated uranium was used as the solute in these pilot-plant experiments. The experiments were

designed to obtain detailed aqueous and organ:e concentration profiles and fractional phase volumes as
well as the uranium inventory of the entire column. The experimental setup incorporated both of the pulse
columns described earlier. Tne cer.tcr fed extraction / scrub column had an aqueous feed (I AF) with the
TO P extractant in an organic solvent entering at the base of the column. The organic product from the first
column was allowed to enter the second column as a bottom fed stream, and uranium from the organic

phase was stripped into an equeous stream entering at the top of the second column. The operating
conditions of the columns during these experimental runs are summarized in Table IX.

During experimental runs, steadily operating positive displacement pumps were used for feeding each

pulse column with corresponding feed solutions. When the pulse columns were at steady state, as
determined by uranium assays at the end of the strearns, samples of equeous and organic phases were
collected for analysis. The results of these analyses were used to develop the concentration profiles of
uranium in the columns. Uranium concen' rations were determined by densimetric or titrimetric methods.
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TABLEIX. Pulse-Column Operating Conditions

f Column i A Column IB
- Process Parameters - (Extraction / scrub) (Stripping)

Run no. 2A 3 & 2D-2 2A-3 & 2D-2
Feed inlet 650 ml/ min ---

. Stripping solution inlet - 1130 ml/ min
Pulse frequency 82/ min 60/ min
Pulse amplitude 2 cm 2 cm

P 1_ .TBP concentration 30 % 30 %

Original solvent n-dodecane n-dodecane+

MNO Concentration 2M ~ 0.01 M3

L

-p -

_

: The li.ventories of uranium in the columns were also determined by analyzing the column dumps by
- measuring both the volumes and concentrations of uranium in the partitioned phases of the dump
solutions.y

I

D. Uranium Concentration Profilms of Pulse Columns

Typical uranium concentration profiles of the two columns useo m these experiments are as shown in
~ Figs.' 21 and 22. Figure 21 shows the concentration profile of the exsraction/ scrub pulse column (I A)in
which the aqueous phase was dispersed. The aqueous uranium 5 mcuu ouo1s obtained during analyses of
samples that had reached equilibrium did not necessarily reflect me actuv tv...:entrations of uranium in
the column at the time of sampling. Therefore, a method proposed by Gier and Hougen" was employed to

determine the actual _ concentrations of uranium at the time of sample withtawal from each sampling
L point along the column. Concentration profiles thus developed for exper'ments 2A-3 and 2D-2 are

_ . presented in Tables C-XVI and C-XVII, respectively.

E. Pulse-Column inventory Estimation

y-
'- The most straightforward method of estimating the amount of material in a pulse column entails a

cessation of column operation followed by a cleanout of material. Though useful in providing information
for accountability purposes, such an approach is sery disruptive and thus could be performed only

L
' infrequently. The development of estimates not requiring process disruptions would be of substantial

benefit to facility operation as well as to materials accountability.
The quantity of material to be estimated here is the sum of the amounts of uranium in different portions

of the column. Consider a hypothetical situation as depicted in Fig. 23. The column's working section has
20 stages, and the amount of uranium in each stage is plotted as a function of stage number. Tne total
amount of uranium is the sum of the 20 values, which is equal to the shaded area under the column's

concentration profile. j

Given measurements rom difTerent stages in the column, acquired either by NDA measurements or byr
chemical analyses, it is possible to estimate the profile. Mathematical integration of this profile yields the
estimate of uranium in the column. The two primary sources of error in this estimate are l

e uncertainties in the measured values of uranium for the sampled stages and

e uncertainty resulting from int.:rpolation over any unsenpled stages in estimation of the profile.
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1

The following. paragraphs discuss aspects of pulse-column estimation and illustrate application of the
methodology to results from the bench-scale experiments described previously. Although the modeling

~ techniques are presented in the context of estimating the quantity of uranium in a column that has attained
steady state operation, the underlying principles involved are equally applicable to columns that I. ave been
either valved aff or drained. In all casca the amount of material within the column is the integrst of a profile

from which data may be obtaued. ,
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I, Model DevW. Three fundamentally difTerent approaches to the problem are introduced here.
. The first involves the derivation ofinventory estimates based solely on the operating conditions of the
column, and the second uses only concentration measurements acquired from along the column.The third
approach is a combination of the other two. In the following pt,ragraphs, the relative merits of each
approach are discussed.

One method of obtaining profile estimates over a wide ranige of conditions is to use complex computer
- codes that simulate column operation.8' These codes do not require " direct" concentration measurements

from along the column, and in facility environments where the performance of NDA instrumentation
would be marginal because of high background or other limitations, this approach may be the only feasible
one. Error propagation for the result .g inventory estimate is not overly difficult, amounting to a
sensitivity analysis of the simulation code. In general, this approach has a variety of drawbacks and is not
considered in detail here.

A second approach is based on sample data obtained from several locations along the column. Most
~ ikely, the data would be collected through use of NDA instrumentation mounted on the column itself,l

*3 i although it may also be possible to physically withdraw solution for destructive analysis as in the AGNS

.,- experiments. From the resulting data, the concentration profile can be estimated using standard regression
methods, and integration provides an inventory value. This approach is easily understood (in contrast to
the black box atmosphere of simulation codes) and is perhaps less vulnerable from a security standpoint
than the first approach (it is easier to check that a detector is working properly than to check other

t instrumentation such as flow meters; also, tampering with an extensive computer code might be difficult to
% C uncover). Error propagation is straightforward and is discussed later. The standard deviation of estimation
1 depends largely on the number of detectors used and the q.iality of the corresponding measurements.

A third approach to the problem links a simulation code to sample data obtained along the column, ,,

attempting to take advantage of knowledge of column operation through use of the code as well as
benefiting from the presence of" direct" measurements. This approach is also pursued below and, ideally,

f 41
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J should be the best method ofinventory estimation short of a column dump. In the experiments at AGNS, l

it is not clear whether shortcomings of the simulation code are serious enough to make the second |
E approach preferable.

2. Profile Approximation by Regression Methods. In pulse columns, the aqueous and organic profiles
are relatively smooth functions, and their integrals can be approximated in a varictf of ways. Methods
common to elementary calculus can be used to provide somewhat crude approximations. For example, the
measured values could be used to determine a step function, similar to that in Fig. 23, but based on'

' sampling only a small fraction of the stages. The integration of a step function is analogous to the Riemann
- approximation of the integral of a continuous function and is easily computed. An alternative method,
illustrated in Fig. 24 using data from the 2A-3 run of the extraction / scrub column,"cennects the dots"
with line segments. Integration of this type of estimated profile is straightforward, equivalent to summing
the areas of a number of trapezoids as indicated in Fig. 24. Though using a piecewise linear function or a
step function is somewhat simple-minded, the resulting estimates are not dinicult to derive and can be
useful.
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Perhaps the most practical approach toward profile estimation involves the use of regression techniques

to fit smooth curves to the data. Approximation by this method does not require the quantity or quality of
measured values needed to obtain good results using more simplistic methods. Propagation of error for the
estimated column inventory is straightforward.

. In the examples at hand, the profiles are approximated by functions of the form

p(x)'= exp { Six')
/

|
-

A /

--q where p(x)is the estimated concentration of uranium at distance x from the top of the c0lumn's working
section and the parameters {$,) are estimated from the data. This model evolves from a Taylor-series
expansion of the logarithm of the concentration profile. Figure 25 illustrates application of this approach

. . . .

using the 2A-3 extraction / scrub column data given in Table C XVI. i
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In general, the degree of the polynomial providing the best fit depends on the actual profile, which in
turn depends on the type of column and the nature of its operation it should be pointed out that

yb polynomials oflow orders (Table !!) are used, avoiding any potential dimculties with overfitting the data.
- ''

For the 2A 3 extraction / scrub column, the estimated aqueous and organic profiles p,(x) and p,(x),
respectively, are given by

2 8p,(x) = cap (-2.4009 + 0.1500x - 0.002583x + 0.00001068x ),

and

3p,(x) = exp (1.6767 - 0.0l l65x + 0.001300x - 0.00002407x8 + 0.00000009682x*) . (11)

In any given case, some judgment on the part of the experimenter is necessary to c'-- the most
- appropriate modei, although formal seicetion algorithms (for example, backwand climination) are included

as options in many statistical package programs. Ideally, column operation would remain sumciently
stable over a period of time to allow the form of the model chosen following a detailed preliminary
investigation to be used repeatedly; the parameters {pi) could be re estimated as new data become
available.

Estirnated quantities of SNM are obtained by integration of the estimated profile over the length of the
column. For examp!c, the top of the working section of the extraction / scrub column corresponds to a = 0
and the bottom corresponds to x = 130(cach stage has unit length). The amount of uranium in the aqueous
phase is estimated to be

eso

f p,(x) dx = 59.37 g .

O

Similarly, integration of p,(x) from Eq. (11) yicids an estimated 479.31 g in the organic phase. Addition
of the measured 394.27 g in the disengagemerit section yields a Cnal estimate of 932.95 e, which is within
3% of the dump value of 960 g.

Propagation of error is not dimcult and provides informatioa for accountability purposes. Suppose a
polynomial of degree d is to be used, that is, the Ctted profile has the form

p(x) = cap h p,x'\ ,
ei

estimated parameter vector $' = ($,,g' (y,, ya, ., y,) obtained from along the length of the column, the
Given concentration measurements =

p , ... $4)is a known vector valued function of the {yi), for example,

j = f Q) (12),

In the exampic above, the {$,) were obtained from a least squares polynomial regression on the natural
logarithms of the {y,). For the column length L, the estimated inventory is

I(j) = exp S,x' dx l
,

t=0 j
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This estimator, viewed as a function of $,is differentiable:

LPI(E)
= f x' exp (f pS,xj

p
dx .

80; 6 M j

Let a = Bl(hdS3, where the derivative is evaluated at the observed estimate of the parameter vector, and3

let s' = (a., s , ., a ). For $;, the covariance matrix of p, the variance of the estimator, obtained byi
standard error s.ropagation,is estimated by

Var [I(j)] ; s' ga (13).

'N matr4 $g can be propagated following from Eq. (12).
Variance empressiens of the form of Eq. (13) are useful for accountability in that the precision of the

estimated inventory is evaluated. Also, the dependence of Eq. (13) on the locations (n ) where data me
collected can be examined and alternative measurement schemes can be compared. Indeed, the ric!d of

op;mrl,esperaremal design (a stand rd reference is Ref. 31) deals with such problema as determimng
where its .ocate a given numbcr of detectors to minimite the variance of the subsequent estimator.
SimUstly} the merits ofinettasing/ decreasing the number of measuremcats along the column or using
different instruments could be studied.

3. Estit sadon Wased os Theoredcal Cnnsiderations. The previous section introduced estimation
metheds that exploited the e..dmiity of the concentration profile. It is tossible to improve on those
procedures by taking advantage of knowl:dge concerning column operation. A major drawback of such
an approach relative to regression methous is that lengthy computations are required, which often result in
only modest improvements in estimadon. Further, a sensitivity analysis is required to propagate errors
adequ't.uly. Thus, fe simpler approaches (ccribed earlier are generally iecommended when profile-

menemment data are available, llowever, some benefits are offered in cases in which insufficient
measurement data als available fo, profile appvimation using repression.

A number of computer codes have been written to simulate pulse column operation and to provide
inventory esthrstes. In a recent survey,'' L. !!urkhart discussed the theoretical basis behind such codes

,

and the presen' limitations concerning tacir un One of these codes, developed by Burkhart and hism

} coworkers, is cons?. red here for illustration in this coda, a dist. rete-stage model is used, and solute
concentratim r#es are solved numerically using a b ewton Raphson procedure. Calculations are
performed stspwise using TMte dificreace equations that include reaction kinetics, empirical dispersed-
and contintoutphase volve .elathriips, adl cddy .urrent ddfusion (or backmixing), and non.
equilibrium mass-trarasfet etTects. The 11 ural. art model can be used te n:munte either single. or dual.
process pulse columns.

As implemM.d here, the estimrlon preJure resembles the general curve fitting methodology
described in [ha previous section.1he mass transfer and backmixing coefficients, unknown but required
for inet,t by 4he code, are treated as puramet.rs to be estimated. Inventory estimates are obtained by

a finding the cu's squersted profile that agrces tot (in a least squares sense) with the observed data. This;,
' ' optimizatioit la performed by using the code ;n conjunction with a standard, derivative free function

y minimiention rout:ne. When no profi!r smasurements are available,1. may be possible to estimate the
) required coeflicients based on inforrn atti n of operating conditions. thou ;h this possibility is not considered

"
below,

The esomsted profile of the 2A 3 extractk-nherub column obtained through use of the code is shown in
Fir,26, lhe corresp(mding estimated quantity of uranium is 9.12 g, which ec vpares well with the dump
vraue of 960 g (see Table X).

Q
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The same procedures were applied to data obtained from the stripping column of the 2A-3 experiment.
The estimated profilei from the regression approach and from the Burkhart code are displayed in Figs. 27

- and 28, respectively. Thh corresponding estimated inventories are 1148 and 1184 g compared with the
dump value of 1090 g..

Analysis of the 2D-2 experiment followed along the same lines. Figures 29-32 are the counterparts of
F,igs' 25-28, and the results are summarized in Tables X and XI. Summing results for the extraction / scrub..

and stripping columns, the dump value of 2745 g is reasonably approximated by the regression estimate of
2875 g (an error of 5%) and the code-generated value of 2913 g (an error of 6%).

Because maay. data of high quality exist on which to derive estimated profiles. good results can be
anticipat'ed from either method. Had fewer measurements been obtained from along the column or iflarger
measurement errors had been present, poorcr performance would, of course, be expected from any
approach. N

,

%

TAB (,E XI. Estimated Concentration Profiles

1.A Extraction / scrub column

Estimated profiles are of the form

p(x) = exp ($,+ S, + $3x+$3x + $,x + $3x) ,

-where f(x) is the estimated concentration of uranium (in grams per unit length of the
column) at location x along the column, and the other parameters have the values
tabulated below.

2A-3 Experiment 2D-2 Experiment

Aqueous Organic Aqueoin Organic

. S. - -2.401 10' l.677 10' -1.645 10 2.063 10'
$,. 1.500 10-' - -1.165 10-2 2.186 10-8 -1.637 10-8

$3- -2.583 10-8 1.300 10-8 -8.652 10-' 9.536 10-4'

$3 1.068 10-8 -2.407 10-8 1.620 10-4- -3.620 10-8
' $, 0 9.682 10-8 -1.332 10-' $.175 10-'

$3 0 0 3.584 10-' -2.618 10-'

IB. Stripping column

Estimated proGles are of the form

- j(x)'= exp (S + Si + $2x)3x .

6 2A-3 Experiment 2D-2 Experiment

' Ao'icous Organic Aqueous Organic

S, - 3.904 10-' -6.158 10-8 -5.5508 10' -8.615 10'
S, 3.174 10-2 I.982 10-2 1.734 10-' I.830 10-'

. $2 -1.420 '.' 10-* -6.88/ . 10-8 -9.054 10-4 8.946 10-4
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V. EXPERIMENTAL STUDY OF URANIUM HOLDUP DURING AMMONIUM DIUR AN ATE
(ADU) PRECIPITATION AND C ALCINATION

The process of precipitating uranium with NH OH is widely used in the nuclear fuels materials
preparation industry. Therefore, the materials heldup in this unit process is of concern to the nuclear
industry as well as to regulatory agencies. Uranium can be completely precipitated from urang solutions
provided the matrix does not contain complexing ions such as carbonate, citrate, tartrate, and fluoride.

'

This proi ess serves to separate ur anium from many anions alkali metals, alkahne earths. and cations such-

as copper, nickel, cobalt, zinc, and others that form complexes with ammonia. Although this procedure
itself does not accomplish the necessary purification. :t is an essential first step for fuels materiak

. _ - preparation for a vajetv of nuclear reactors.
In the industrial application of this process, the feed materia! (usually uranium hexafluoride) is

' "

converted into a uranyl solution by hydrolysis. This solution contains ~4 moles of hydrofluorie acid pe
mole of urarium and is used as the feed solution for the precipitation of ADU. The ADU precipitate is
filtered and calcined to produce U 0,, which is further processed to prepare fuel pellets.3

a
_

A. Experimental Study
1 -

The objective of this experimental study wa3 to sLnulate the generic process involved in ADU"

g ;; precipitation and calcination and to measure holdup of uranium as a function of throughput in various
i parts of the process equipment. In addition, the experimental study of the hoidup of uranium in dissohers
- was combmed at the front end of this process for efliciency of experimental design and data gathering

, j Several variations of the ADU precipitation and calcination unit process are practiced in the industry. The

] following procedure was chosen for this study and is commonly used in fuel materials preparation facilities

j and scrap recovery operations.
A known weight of U 0,(l-kg equivalent of uranium) was placed in the stainless steel dissolver. This1- -

3

e dissolver vessel was a cylinder of 20-cm diam and 1-m height. The U 0, was wetted down with I L of3

] distilled water and 700 mL of concentrated HNO . The mixture was heated for 10 min in a well ventilated3

- hood to complete the dissolution, then diluted to 4 L with appropriate amounts of concentrated HNO and3

[ water to get the desired acid concentration for the feed solution to the precipitator. A one-time addition of
~ _~ a predetermined amount (~ 10" Bq) of "Se tracer as Sc" was made to the solution, and the mixture was

-

homogenized using a magnetic stirrer. The weight of the solution in the dissolver was recorded, and a 2
' mL aliquot of the solution was removed for analysis.- i

-i The uranium solution in the dissolver was then transferred to the precipitation column using a vacuum
: transfer technique illustrated in Fig. 33. The vacuum line was disconnected, the NH OH metering pump--

L g was connected (Fig. 34) to the inlet of the column, and the circulation pump was started. This circulation
- - pump was maintained at a flow rate of ~5 L/ min, which allowed for vigorous mixing of the contents of the

-5 precipitator. Ammonium hydroxide was added to the precipitarcr at a rate of ~300 mLimin w hi!e the
- solution was mixed by the circulation pump. After the addition of the predetermined amount of NH OH,-'

the mixing of the contents of the precipitator was continued for another 15 min. A sample removed from a"

9 side port next to the pump was used to measure the pH of the final mixture. This pH was maintained at

f 9-10 for most of the runs in this series of experiments.=

E Four large (lS-cm diam) polyethylene filter funnels were placed on 4-L vacuum fiasks and fitted with
-

- double layers of Whatman #2 filter paper. The slurry of ADU in the precipitation column was drained intc
-

these filtration devices, and the vacuum was maintained for 1-2 h to remove most of the residual liquid
-- from the ADU. The ADU cakes were then transferred to two shallow Inconel-600 trays (35 20 x 2cm)

] and weighed to determine the wet weight of the ADU cake. The trays containing the moist cake were
'" carefully loaded into the Lindberg furnace, preheated to the calcining temperature (700-900 C). and-

; calcination cor,tinued for 10 h. After caicination, the furnace was allowed to cool to room t:mperature,
and the contents of the Inconel trays were again weighed to determine the amount of U 0, recovered. This-

3

3
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U 0, was transferred to the tared dissolver once again, and the weight of U 0, to be dissolved for the next3 3

batch ~was determined. This cycle was repeated 52 times during this' experimental study with a cumulative

throughput of ~ 52 kg of uranium.
Scandium, a chemical analogue of uranium with a unique neutron activation product, was used as a

' tracer to, measure the holdup by nor. destructive gamma-assay techniques. In the case of ADU i

precipitation and calcination, uranium went from a homogeneous solution to a precipitate and then to a ;

Icalcined solid. The scandium also followed the physical changes of uranium concomitant with chemical
changes.

Between each batch operation, the holdup of uranium in the dissolver, the precipitation column, filter
funnels, the calciner, and the calciner trays were carefully measured using the Nal(TI) detector system

~

described in Sec. V.C. After each run,' materials balance computations were made by analyzing the feed i

= solution and the combined filtrate from the filtration flasks and using the weighings and NDA
measurement results of that run.

- TS , Acid concentrations of the feed solution, quantities of excess NH.OH added to the precipitation
columa, duratica of the vacuum filtration step, and temperature of the calcining furnace were varied tov

determine whether these parameters had any influence on the holdup characteristics of uraniten.
.

B. Facillt'y Description

This~ experiment was performed at one of the research facilities of the Los Alamos National Laboratory.
This facility is' normally used for processing and characterizing depleted and low-enrichment uranium in
various physical and chemical forms. Generally, this location has 1.rge inventories of uranium, which
contribute to the background radiation levels and are undesirable for the NDA of small amounts of
uranium. The ADU precipitation column and associated equipment were locate 3 in two of the large hoods

- : in this laboratory. The calciner, a Lindberg muffle furnace, was located in such a manner that the efiluents
' from the furnace could be safely vented. The ventilation duct, maintained at a negative pressure, was i

extended to the top of the furnace to prevent the dispersal of fumes from the furnace.
.

: C. Holdup Measurement
,

' [All the hoidup measurements of this experiment were made using the **Sc radioactive tracer, carefully.
, chosen to be compatible with the chemical and physical changes of uranium during this unit process. The
desirability and advantages of using tracers for holdup measurement are discussed in detail in Appendix

s
"

A. The **Sc tracer has a half-life of 83.8 days and two high-energy gamma emissions with energies of
889.3 and !!20.5 kev. These gamma emissions were readily measurable in a location having significant
background radiations from enriched and depleted uranium. Furthermore,it was possible to make thesc .

measurements using a 5- x 5-cm Nal(TI) scintillation detector and a single-channel analyzer and a scaler.
A commercially available stabilized single-chwnel analyzer (Ludlum model 2218 dual-channel analyzer)

O | was the instrument used in day-to-day measurements. The detector was shielded by a 1.5-cm-thick lead
. [ shield with a 5-cm-long collimator. The shielded detector was mou .:ed on a mobile, vertically adjustable

o aml he izontally rotatable pedestal (Fig. 35). This mounting was versatile enough to make all the required
measurements of uranium holdup in the dissolver, precipitator, filter funnels, calciner, and calciner trays.s

Of these NDA measurements, the most difficult one was the holdup in the I-m-long precipitator column.
Access to this column was limited to one side of the hood, where there was a glass shutter. Some details of

: the strategy used in accomplishing this measurement are given in the following paragraphs. All the other
measurements were relatively simple and used specially fabricated standards to match the geometry of the
holdup in the process vessel or equipment.

i
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Fig. 35. Detector assembly and its pedestal

As described earlier, the precipitator column consisted of a 20-cm-diam, l.m-long, stainless steel
column with a wall thickness of 3.5 mm. This column was mounted vertically inside the hood and had a
flat top and a 45' conical bottom, which was attached to piping as shown in Fig. 33. In principle, the
holdup could be distributed with an arbitrary time-varying profile along the length of the column. The
objective was to make the holdup measurements in a simple and reproducible manner, with only one or
two measurements, locating the detector at predetermined positions. Because of the background levels in
t!'e area, close coupling of the detector with the eclumn was desirable. Close coupling of a detector with an

extended source leads to a nonuniform response to materials at different positions within the source.
Therefore, it was decided to make the measurements from two vantage points of the detector (Fig. 36).
Measurement A was made in a geometry (15 upward from the horizontal plane of the detector) such that
holdup at the top and bottom of the precipitator had the same response (counts / time / unit holdup) and the
center section had a response approximately twice as large. This response profile was experimentally
determined using a source of known strength, which had been fabricated into a ring that fit snugly into the
column. Count rates were obtained from the source at 17 equally spaced positions along the column.

If the holdup profile was uniform along the length of the column, the calibration constant relating the
count rate to the holdup would simply be the average value of the response function. However, if the
material was not held up uniformly, which was the actual case, the calibration constant had to be
calculated by averaging the response function at each location weighted by the fraction of the total holdup
at that location. Because the holdul' profile varied with some of the parametric changes in the precipitation
process, new holdup measurement profiles were periodically obtained to determine calibration constants.
The holdup profiles were measured by a small, essential!y unshielded Nal(TI) detector setup ("Samson,"
manufactured by Eberline Instrument Co.) to count the high-energy gamma rays. The spatial resolution of
the detector used was about 6-cm FWHM for the column geometry.
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__ -.One additional measurement (B) was made with the detector tilted 30* downward from the first*
,

,

}^ [i measurement position. In this position, the whole column was viewed with quite a difTerent responseg
': functiont t!a bottom of the column had a weighting factor ~2.5 times that of measurement A. As with

T' ?
,e

~

imeasurement' A, the calibration constant was calculated by aver:ging the response function, weighted by ;
i

ndthe actual _ holdup 'p'rofile determined periodically during the experiment using the small Nal(TI) detector. tM6' n

aldeally, the two ' measurements would indicate the same holdup, and any disagreement between the two is

&' - ( an indicition of the potential measurement error. Such disagreements were realized few times during these
~

'

. measurements' and they were caused by' unusually large holdup in the valves and pump located next to the@ _

? column.'An ' attempt was msde to minimize these interferences by placing shadow shielding as shown in

'

' ' .
~ ,

'

, _ . (Fig.'36,~although it was'diflicult to fully shield the detector from 1-MeV gamma rays by 2.5-cm-thick lead
d= -plates /

The measuremen't of the holdup'of uranium in the calciner furnace was done by placing the detector ing'
,fa reproducible position in front of the open furnace and measuring the gamma emission of the tracer in the

,

.
< residual uranium. The calibration constant was developed in a manner similar to that for the precipitator

,, ' icolu'mn. using specially fabricated rectangular sources that at snuggly inside the furnace. Because of the ,.
,_

reasonably stationary profile for deposition of uranium within the furnace, one measurement per run was' '

9 ,
yy

- f adequate for good results.-
_.

; .C'' f 5- h

5

10 p---- - 0 Resuks -;

#4eV %- This investigation' of:the holdup of uranium during ADU precipitation and calcination employed
~ ~

, , ,' , Wanous combinations ot experimental conditions (Table XII) to examine whether these changes had any
-

induence on the holdup of uranium in the equipment used. Five pieces of equipment selected for holdup
~

,

gg , measurements were the precipitator, filter funnels, calciner, calciner trays, and dissolver vessel. The [,,

M measured holdup of uranium in each of these items, as a function of throughput,is tabulated in Tables C-
7XVHI through C-XXH.1Detaded examination of these results for estimation model development are- ,-

'

^ presented in Sec'. V.F. Some qualitative observations derived from continually monitoring the results as the !

y _
7experunents' progressed are' presented here; they' are also apparent from detailed results tabulated in

-J% ,. , Appendia C.'m .n. -

.D, C;

le
- (.g

,f ; TABLE XH. Emperimental Parameters of ADU Preciptation and Calcination Experiments
-a * e

. i 1 Concentration Volume of'

g L of HNO in - ' Concentrated . Duration of Calcining !
3

''t tn'' Emperiment : Feed Solution - NH.OH pH of ADU ' Filtration Temp.
*

| Nos.* ' ~(moles /L)- .(mL) ' Slurry | .(h) (*C),

3

s . i18: 0.'11 -950 7.9-8.4 0.5-3.0- .700 '

[ - '41-44 | - 0.1 950 7.8-8.0 0.5-l.0- 900
"

m : 9-16 ' f 1.0 . 1600 7.8-8.2- 0.5-2.0 800

.N4 -

45-48 | - 1.0 1900 -8.5-9.2. 0.5-1.0 900'

*
.>

i ' I7-24 2.0 :2300 7.8-8.2- 0.5-1.0 800 |
. _

' , , ,
-

2.0 -2500 -8.3-9.2' O.5-1.0 - 900 1
-

49-52
,

'
25-32 : 2.0 :5000 9.9-10.2 0.5 2.0 800.,

(' 33-40 ? 2.0 ;5000 10.0-10.2 0.5-2.0 800'
s

'

Mbe alwaughput of urenlum was -I kg/bewh.

'h
'

f. -- h

b" I
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. t in general, the holdup of ADU in the precipitation vessel accounted for 20-80% of the total holdup of
uranium in this unit process. There were changes in the holdup of ADU that v.ere attributable to the excessx

.

acid in the feed solution and the large excess of NH,OH added to the precipitation vessel. This appears to
i have influenced the physical characteristics of the ADU precipitate. However, this property of the'

; precipitato was not quite controllable or quantifiable. During the initial addition of Nil.OH to the highly; ' -
acidic uranyl solutioni a violent reaction takes place at the interface of the uranyl solution, and this

' splatters the product to the upper surfaces of the precipitator above the liquid interface. This slurry had a
E tendency to adhere to the surface and remain in the upper regions of the Irecipitator column even after the

ibulk of the ADU slurry was drained out of the column.The unusual shift in the ADU profile with very
large depositions at the lower regions of the column may be caused by the physical characteristics of the

"ADU, which was very slimy and viscous.This occurrence was less frequent than the occurrence of profiles
,

' with large depositions at the top and middle sections of the precipitator colur m.
- There was significant holdup of ADU in the fiiter funnels, and the changes in holdup in the funnels are

. generally attributable to the physical characteristics of the precipitate. It was difficult to maintain a
uniform quality of the precipitate from batch to batch even when the expcrimental conditions were not

' deliberately altered. The filtration time of ADU was varied from 0.5 to 3 h with severalintermediate stages,

-to observe. changes in the moisture content of ADU as a function of vacuum retention on the filtration
; system. The surface of the ADU cake almost always cracked ~0.5 h after the supernatant liquid layer

'
'

: filtered through the cake. As a result, the ADU cake reached a moisture content of ~50-53% and
; _ , remained almost unchanged irrespective of retaining the vacuum for various periods up to 3 h. The

~

.
~L vanations in filtration time did not show any marked influence on holdup in the funnels.

"' '
' The hoidup in the calciner and the calciner trays showed steady increases as a function of throughput,

.'although the quantities of these holdups were small fractions ~of the total holdup for the unit process.
f Calcining the ADU to convert it into U Og was usually done at temperatures of 700-900*C. Two step3,

M changes in calcining temperature were examined during this investigation to study the influence of
~ '

.

calcining temperature on tl'e holdup of uranium in the calciner and calciner trays. There was nob
~1, . observable influence of calcining temperature on the quality of the calcination product. A marked change<

in holdup in the calciner was observed when the calcining temperature was increased to 900*C after
- experiment 40. There may have been small unmeasured losses ~of uranium frcm the furnace through the
| ventilator terminal near the door of the furnace. This loss was not significant as evidenced by the overall

~ '

materials balance calculations for each batch processed.
- Ihe holdup.of uranium in the dissolver .versel was orly ~2% of the total holdup in the ADU'

'

1 precipitation and calcination process equipment. The holdup remained reasonably constant throughout
' because of the redissolution and transfer of residues from previous batches, and the maintenance of a

~

~ constant volume of solution within the dissolver. The changes in experimental conditions examined duringy
,this study did not seem to have any significant influence on the holdup of uranium in the dissolver vessel.

. -.Of the various' parameters examined, the HNO concentration of the precipitator feed solution and the
3

; final pH of the ADU slurry appeared to influence the holdup pattern of uranium in the precipitator.
~ Careful ' measurements of the holdup profile inside the precipitator column, using a small collimated
. Nal(TI) scintillator-br. sed detecto , showed different profiles of ADU residae distributions in the column

cv . (Fig. 37). The procedure for generating these profiles from measurements using the thin NaI(TI) detector is

%^ mentioned in Sec. Y.C. The deposition of ADU along the length of the precipitator column was monitored
1 at 17 positions 5 cm apart, and the relative count rates observed are plotted on this illustration. The
changes in the deposition patterns of ADU in the inner surfaces of the precipitation vessel during;

^

experiments 33-52 cove the entire range of parametric changes listed in Table XII. These profile changes
iare attributable to the changes in experimental conditions. Detailed examination of the results (Table C-
:XVIII) shows intermittent rapid changes in the holdup of uranium in the precipitator, although the

i

. experimental conditions were not altered. It was not possible to associate these changes in total holdup
within the precipitator to any 'of the combinations of experimental conditions listed in Table Xil.F

.

57

1

. . - , = .. _-.. -- ,



F r-
i'
!

HOUXP PROFLE 7 PREDPITATOR COuMN
=* O , , , , , ,

1 N -

. N
2- 3 5 -

i
!

'' '
3 4 ' ' ': .- ,.

- ,- 1 '' - -

- o m .-m
, . .

4 - ' - - . . , s

6 \ . . . s"'50
~

-

7 - \
". ~

8 - )' /p+_
.;"

-

/ - |

~

g . /
[.---o m e<s D/9 - '

,

11 -
i

12 - \/ s = =-<
| \ -

U -

)\ \ -

-

14 -

' N 'N .,,

5 - \ . Q ~~ ,'
~-t_

-

k i r- % i i J.m., g
0 1 2 3 4 5 6 7

IE1.ATNE 015TRBUT10N & U g,, 33,,,,,,
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E. Materials Balance and Cleanout Measurements

' Gravimetric measurements of U 0, before dissolution and the weighings of recovered U 0, from3 3

calcination of ADU provided two reliable measurements to estimate the totalloss of uranium during each
batch operation of the ADU precipitation and calcination experiment. The loss of uranium from the
' system in the discarded filtrate was determined by spectrophotometric analysis using Arsenazo-III. These
measurements were conducted on filtrates from each of the batch operations. In general, the quantity of
uranium lost from the system through filtrates was < 100 mg/ batch. The uranium content of the dissolver
solution was periodically measured by either isotopic dilution mass spectrometry or Davies-Gray titration.
Figure 38 compares the sum of the NDA measurement values of holdup of uranium in the dissolver,
precipitator, filter funnels, calciner, and calciner trays with the inventory difTerence (difference in
gravimetric measurements) described above. Ideally, a 45* line through the origin would indicate complete
agreement between these'two sets of residual holdup measurements. The data presented in Fig. 38 show
the deviation from the ideal and the reasonably good agreement between NDA measurements and
gravimetric estimation of inventory difference. The discrepancies at the higher values of inventory
dificrence (or total ho! dup) are caused by (1) the major contribution by the holdup in the precipitation
vessel and (2) the adhesion oflarge quantities of materialin the upper regions and the lid of the precipitator
vessel. This nonuniform deposition of ADU causes the NDA measurements to show lower values because
of the use of uniformly distributed thin sources for calibration of the measuring instruments. Further
lowering of the " holdup-NDA" value is caused by the very small losses of uranium (<100 mg/ batch)
through discarded filtrates and unaccounted losses of uranium through the furnace ventilation duct. At the
same ti,ne, the gravimetric inventory differences plotted here are not influenced by any of these factors.

Several cleanout measurements were performed during this investigation to compare the results of
NDAs using "Se tracer with destructive chemical analyses. Again, the cleanout measurements were done
by spectrophotometric analysis mentioned earlier. Thc results of these measurements (Table XIII) once
again show good agreement between NDA measurements and the :leanout measurements.
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TABLE XIII. Comparison of NDA Measurements of Holdup
with Cleanout Measurements (in Grams of
Uranium)

NDA Cleanout;-

Equipment / Parts Measurement Measurement

ADU precipitation vessel
(aner experiment 32) 12.6 14.ti

ADU precipitation vessel
(aner experiment 40) . 8.8 9.8

ADU precipitation vessel
(aner experiment 52) 9.3 10.5

Calcining furnace
(after experiment 52) 1.7 1.5

Calcining trays
(aner experiment 52) 1.4 1.3

Filter funncis
(aner experiment 52) 10.1 9.8
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F. Residual Holdup Estimation
1
1

1.'Calciner Trays. Holdup measurements on the accumulation of material in the calciner trays were I
made as described in the previous section. The measurement history (Fig. 39) shows a steady increase in |

'

observed holdup over time.

As was the case in the enalysis of results from ductwork in the dust-generation experiments (Sec. Ill),
material deposition on the calciner trays is (approxi:nately) linearly related to throughput. Modeling thus

R[ proceeds similarly to that discussed in Sec. III, where a simple and veny useful approach is to obtain the
^

least squares ilt cf the simple linear regression. This is superimposed in Fig. 39 (the measurement
corresponding to a throughput of 48 kg was discarded as an outlier) and can be used for purposes of
estimation. The fitted equation is

'

- S, (t) = 0.122 + 0.024t , (l4).

: where 6,(t) denotes the estimated holdup in the calciner trays at throughput t. For t = 52 kg, the end of the

; experiment, the estimate is 6,(52) = 1.37 g uranium. The corresponding cleanout value is 1.26 g, an error of
roughly 10%.

If the calcination process were to continue using the same trays, holdup could be predicted for future
- : throughputs by substituting the desired value of t into Eq. (14). Nete, however, that the standard

deviations of such estimates increase as a function of the difTerence between the throughputs correspond-
+ Ling to the predicted values and the last observed measurement. Thus, maintaining good accountability

- requires that additional data be obtained periodically and used to update the fitted model.
In a final note of general interest, the usual least squares approach can be modified to account for

heteroscedasticity or correlation among the observed measurements should such issues arise. When
f amounts of material do not change considerably over time and errors caused by instrument calibration
' and process variability are small(as in the present experiment involving the calciner trays), there is little

need for such modification or the software required for its implementation.
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2. Feed Dissolver. The measurement history of the dissolver (Fig. 40) is very unlike the histories
observed from the calciner trays or from the dust-generation experiments (Sec.111). Beginning from a
clean state, material does not continue to accumulate with time. Instead, a very briefinitial increase in-

deposition is followed by long-term fluctuation about steady state conditions. Furthermore, process
variability plays a major role in estimation; other information concerning the measured values indicates
that the observed differences over time are caused primarily by changes in the amount of material held up
instead of beiag largely the consequence of measurement errors while holdup remains constant.

Modeling a steady-state process is not difficult and typically involves the use of Kalman filtering
1(Appendix B). This methodology was originally developed in Refs. 32 and 33, and more recent

presentatiors of an elementary nature are included in Refs. 34-36. The Kalman filter has been applied to a
variety of engineering problems as well as to nuclear materials safeguards work (sec Ref. 37) and is not
limited to steady-state situations.
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Fig. 40. Application of Kalman filter to the feed dissolver data.

The model is described by two equations, called the measurement and state (or system) equations.
These equations reflect the dynamics of the measurement process. The first equation captures the
measurement variability (that is, errors exist in all holdup measurements), and the second equation
captures the process variability (that is, the "true" amount of material deposited in the feed dissolver varies
over time). Estimation of holdup depends crucially on the magnitudes of these variabilities. For example,
the measurement history from a poorly measured but very stable process might strongly resemble the
history from a well-measured but unstable process. The Kalman litter resolves the contributions of the two
sous;w of variability and produces holdup estimates. Letting x(t) denote the measured value correspond-
ing to a throughput of t ka,, the measurement equation here is

x(t) = h(t) + e(t), (15)

where h(t)is the (unknown) amount of holdup and e(t) represents the measurement error. It is assumed
2that e(t) has mean zero and variance q'. An estimate of the measurement variability q is available from
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' previous _ work with the instrumentation involved. In practice, a facility's measurement control programA

can provide information to help quantify such errors.
~

' : The state equation here is -

. h(t) = hit - 1) + ((t)'. - (16)
' *

,

cThis equation' captures the steady-state character of the process. The difference in actual holdup between
.

. throughputs t and t I is h(t)- h(t - 1) = ((t), which is assumed to act as a random variable with mean zero

' and vanance oj..Past experience generally provides an estimate of the process variability oj. Note that
Eqs. (15) and (16) together with the stated distributional assumptions yield a model analogous to the

'

ARIMA (0,1,1) structure described by Box and Jenkins.8'
'

, .

' The' mathematical development of successive holdup estimates {fi(t)) using Kalma' n filtering, though
relatively straightforward, involves the introduction of some notation and is detailed in Appendix B. Put,

,t simply, at each step of the filtering process, the newly observed measurement x(t) is combined with
previous information to update the estimated holdup. Implementation of this methodology to data from

:the dissolver is' illustrated by the solid line in Fig. 40, which connects the filtered estimates. Because
measurement errors are small compared with process variability, the filtering has little effect in this
particular case, although this is certainly not always the case. At the conclusion of the experiment, t = $2

%

.

= ks and the filtered estimste is li(52) = 0.72 g uranium.
*

. Despite the established value of Kalman filtering in the solution of a variety of engineering problems,m

K there have been relatively few applications in the materials accountability literature. It has been sugested
_(Ref. 39, p.279) that the (supposedly) esoteric qualities of modeling have precluded widespread use by;

.

. nonmathematical audiences.This situation may improve in the future as the usefulness of filtering in near-
real-time accounting becomes more apparent.

l

m
.

.

3. Flher Funnels. The measurement history for the filter funnels (Fig. 41) bears a strong resemblance to
-

1

the history of the feed dissolver. That is, an initial accumulation of material is followed by long-term
: fluctuation about nominally steady state conditions. Thus, the modeling and estimation proceed as in ti.e
case of the dissolver beaker with the use of Kalman filtering.
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Fig. 41. Application of Kalman filter to filter funnels data.
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. Filtered estimates, plotted in Fig. 41, are connected by line segments. The amounts of holdup involved_,

t 2 are rough!y an order of magnitude greater than those observed for the dissolver beaker, and measurement'

,
; errors are smaller relative to process variability. Consequently, the degree of smoothing is again slight and

- oc Fig. 41 appears to connect the measured values, though this is not strictly the case. For exarcle, the
'

' estimated holdup at the end of the experiment is 10.099 g uranium, but the associated measured value is
,

' '10.11 g uranium.
> Use of filtered estimatcs to serve as near-real-time values for occasions when no measurements are

taken presents some interesting issues. Suppose that holdup measurements exist up to a past throughput to

@ . and it is desired to obtain a near-real-time estimate of the holdup h(t, + d) at the current throughput t, + d.
R- of the presumed steady-state nature of the process, there is no more reascn to believe that the
actual amount of holdup increased during the interval (t.,t, + d) than there is reason to believe that actual

'

holdup decreased during that interval.~ lt follows that 6(t, + d) = 6(t ) or that the estimated holdup at
'

throughput t, + d is the same as the estimate at throughput t Because of the role of process variability,
however, errors in estimation increase as a function of d. Following from Eq. (16) of the model,

" ~
' +d

( h(t, + d) 7 (t.) = e(t) .h.> m ,,

t=t, + 1

7Thus, the increment l'(t,' + d) - h(t.) in actual holdup, wi;ich depends on process variability, acts as a
. random variable with mean zero and variance dsj, where ej is the process variability. Letting o, denote

'
,

' the standard deviation of 6(t.), the variance in estimation of h(t, + d) using 6(t.) is
_

. Var [h(t, + d) n6(t )] = oj + doj . - (17)
'

.

s

If, as in the case with observed data from the filter funnels, measurement errors are quite small, the'

variance in Eq. (17)is roughly dej. Maintaining good accountability requires that d not be allowed to' -

become too large, and thus measurements must be obtained periodically and used for updating.-
* '

*

- As an_ example, consider data from the filter funnels. At t = $2, the estimated holdup is 10.1 g with a
,

standard deviation'of 0.2 g.'If the process continued to run and no measurements were made at t = 53 or t
~

' = 54, the predicted holdup for these throughpres would remain 10.1 g because of the steady-state nature of

the process. However, the standard deviations of the errors of prediction would rise to 2.4 and 3.5 g
W 6 respectively. This rise reflects the fact that, primarily because of process variability, the actual amounts of

material at t = $3 and t = 54 will likely differ from the predicted values by a few grams. If, at t = 55, another .
measurement of high quality were made, the holdup estimate would be updated based on this information,

'

y and the associated standard deviation would then return to roughly 0.2 g. Through such periodic
measurement, errors in estimation are not allowed to become too large.,

7 ,

- 4. Calciner. The measurement history for the furnace (Fig. 42) exhibits features common to bcth the
calciner trays and the feed dissolver. There is a fairly lengthy period, from the start of the experiment until :

, roughly 10 kg of throughput, during which material continues to accumulate and process variability is', ,

'

4 quite smeB. Such behavior resembles the nature cf deposition on the calciner trsys. Following the period of4; ;j
meresse, the process then settles into 'a steady-state mode from roughly 10-40 kg of throughput and is

~

>

similar to holdup behavior in the dissolver beaker. Finally, from 41 kg of throughput to the end of the
- esperiment, there is relatively erratic deposition and an overall increase o material.r

' - ! Data of this nature are commonly analyzed through the use of"changepoint models" as illustrated by

.- Lthe solid line in Fig. 42. Unlike cases in which the transition from one type of behavior (for example,,

incrosses holdup) to another (for example, steady state) is gradual, here the changes occur abruptly. The ;

times of change are not difficult to identify, and modeling proceeds by treating separately each distinct i

period of holdup behavior. Thus, classical regression techniques are used on the data from the initial
increase, and Kalman filteiing is implemented for the intermediate period of steady-state operation. The
apparent erratic behavior toward the end of the experiment is discussed later.- '
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JD Bogening from a clean state, the initial buildup is well characterized by a simple linear regression

, ,
through the origin, a model used with success in the earlier dust-generation experiments (see Sec. III). The

' fitted equation is
" a

j. 6,(t) = 0.1423t . Ost59 (25)

$ W A $where 6,(t)is the estimated holdsp in the furnace at throughput t. From this regression, the predicted value

$ i for't '= 9 (1.28 g) and its standard deviation (0.078 g) are used to initialize the Kalman filter. Over the
~

?L " . interval 10 s t s 40, where operation is nominally steady state, the filter is used as for the feed dissolver -
'

^ data. Figure 42 illustrates the fihered estimates for this period.
.

= At t = 41, an apparent anomaly occurs, likely because of changes in experimental conditions (Table
" XII). Based on information through t = 40, the predicted holdup for t - 41 under an assumption of

0 contmuod equilibriu n is 1.16 g. The estimated standard error of prediction of the next measurement is

.
L 0.045's. However, the next measured value (1.38 g)is nearly five standard deviations away, indicating
perhaps .the presence of an outlier or that the process is no longer in steady : tate. Subsequent
measurements confirm the latter hypothesis, and a new model is needed to describe the "new" material
deposition. Although several c'andidate models suggest themselves as possibilities, the data are too erratic

,.

- ' and too few in number for a final determination to be made. Thus, no model-based estimates are plotted in
- Fig. 42 for the penod 41 s t s 52.

Had the experiment ' continued, collection-of additional data would have likely allowed for the,

* I construction of a useful model. Worthy of consideration is a Kalman filter application with an assume'd

R linear trend, a model that would capture the overall increase in holdup as well as account for the
.

substantial process variability that apparently existed. Further investigation, however, is required to place

-adequate confidence in this choice.

'_
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5. Precipitator. The measurement history for the precipitator is plotted in Fig. 43. Ncte that the |
- quantities of material involved often greatly exceed those for the other individual pieces of equipment.

'

; 1, ,
Over time, the portion of total system holdup residing in the precipitator varies between 40 and 85%.

L Measured values are of high quality, reflecting the use of tracers as well as the efTorts to overcome the 1

potential adverse effects of nonuniform material deposition. Errors resulting from counting statistics are |
. Iow, and comparisons of the measurements following 32, 40, and 52 kg of throughput with the |
corresponding cleanout values indicate good agreement.

'

Desides the large quantities of material that may accumulate, other aspects of holdup in the precipitator
are unique. This piece of equipment is the only one in which violent chemical reacticns take place during-

the experiment. The contents of the column undergo dynamic phase changes as a result, and the potential
exists for dramatic gains and/or losses of holdup over brief times.

~ : An examination of the measurement history (Fig. 43) exposes some interesting behavior. The early
L - portions of the history are characterized by high variability in the volatile deposition process and

: unpredictable behavior. This high variability decreases toward the end of the experiment, and measured
fvalues tend to be much more stable. It is possible that a learning process took place and is responsible for

the i:nproved stability. A facility with stable operations of the precipitator column employing experienced
_ personnel can produce data that will resemble the last part of this experiment. Such data would be
' amenable to statistical modeling.

Deposits in the upper region of the column contribute to the unusual measurement history before the
first cleanout at t = 32, where an overall increase in holdup is followed by an overall decrease. Figure 44
superimposes a smooth curve over this portion of the data. With the erratic carly deposition, materiale

adheres to the upper region of the column as described in Sec. V.D. This material is gradually dissolved
'

with the onset of more stabir. operation, and amo mts of holdup return to more " typical" levels.
Following the first ciecout, steady-state conditions appear to become established. Modeling proceeds

~ as for the feed dissolver and filter funnels with application of the Kalman filter. The estima:cd holdup at
t = 40 is in reasonable agreement (13% error) with the value obtained from the second cleanaut (Table

-XIV).-

~
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Fig. 43. Measurement history of holdup in the precipitator.
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TABLE XIV. Holdup Estimates and Cleanout Values for the
ADU Experiment

Estimate Cleanout Error'
. Equipment- (g) (g) (%)

. Calciner trays (t = 52) 1.37. 1.26 9

Feed dissolver (t = 52) 0.72 - -

' Filter funnels (t = $2) 10.10 9.79 3

Furnace (t = 52) 1.76 1.47 20

Precipitator (t = 40) 8.50 9.82 13

Precipitator (t = 32) 9.07 10.53 14

*1he error is the difference between the estimate and cleanout value
express-d as a fraction of the cleanout value.

fler the _second cleanout, the deposition process is erratic. This is no doubt related to the changes in

experimental conditions that took place at 41 s t s 44 (Table Xill). Pecall that such changes were also
~

. apparent from inspection of the measurement history of the furnace (Fig. 42). Beginning at t = 45,
experimental conditions returned to" normal.'' and deposition of behavior on 45 s t s 52 again resembled
steady state. Applying the Kalman filter to data from this region (Fig. 45) again yields good estimation,
and the estimated holdup at the end of the experiment, t = 52,is in good agreement with the value from the ;

third (and final) cleanout of the precipitator. !
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2
0 .VL EXPERIMENTAL STUDY OF URANIUM HOLDUP IN SOLUTION LOOPS

~

In uranium-processing facilities and scrap recovery operations, a variety of uranium solutions are
transferred from one location to another continuously and/or intermittently through various types of

- pumps, valves, flow meters, pipes, and pipelittings. Because extensive piping and transfer systems are an
: esser.tial part of a large processing facility, the residual amounts of HEU in these so!adon transfer systems

e _ can be an important part of the residual holdup of the plant. The potential for developing holdup
estimators for these solution transfer systems was examined in an experiment that circulated two types of
uranyl solutions through' two solution loops. These loops had several components that are often found at

~

. an HEU-processing facility, such as pumps, valves, pipes of various dimensions, elbows, tees, pipe unions,

.

and flow meters. The objective of these experiments was to obtain experimental data useful for developing
*_ . holdup' estimators for each corr:ponent of the solution loop. Because the accumulation of residues inside a

solution loop is a relatively slow process, the measurement of the buildup of uranium in these components
icffered considerably more challenges than any of the other measurements undertaken during these

j

| experimental studies. Here again, the use of a carefully chosen tracer, the design of a layout specially )
isuited for measurement reliability, and calibration standards specially fabricated to simulate the parts
measured allowed the gathering of experimental holdup data as a function of throughput. j

~ ;

A. Facility Description

This exnerimental facility was designed to simulate the comronent assembly of a sclution transferm

; system at an HEU-processirig facility and an HEU scrap recovery operation and to generate data useful
for the development of holdup estimators. Two types of materials-stainless steel and chlorinated

< polyvinylchloride (CPVC)-were chosen for the construction of the solution loops. Also, two types of |
solutions---uranyl nitrate and uranyl fluoride-that are often found at HEU fuel materials preparation !

.
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p L facilities were chosen for this experimental study. Two independent circulating systems (Figs. 46 and 47)

R were designed and built incorporating a large storage tank, a surge tank, a pump, ~50 m of pipes of
various shapes and sizes, several valves and terminal valves, a variety of pipe unions and clamps, two

_ types of flow meters, cibows, tees, snd pressure relief valves.
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. B. Experimental Procedures .

'

$ fThe stainless steelloop was uied for the circulation of a uranyl nitrate solution containing 100 g/L of
A uranium with an excess amount of HNO . A uranyl fluoride solution containing ~90 g/L of uranium was

3

OM 1 circulated through the CPVC loop system using a hastelloy-C pump and relief valve and a!! the other

w. - components fabricated out of CPVC, Teflon, titanium, graphite, and polyethylene. The system was j

*ji ; designed to change the flow rates from 12 kg/ min of uranium at solution flow rates of ~10-20 L/ min. ;
'

* '

Details of the component descriptions and experimental parameters are summarized in Table XV.
*

LTwo different chemical forms of **Sc tracer had to be used for the two solutions used in the locpt,. For
3the uranyl nitrate solution, scandium in the form of Sc + was used. This species, however, was not suitable

? ' for the uranyl fluoride solution as it readily precipitates scandium as ScF . A complex ion of scandium as3
~

.. [ScF'j8i was' prepared by dissolving ScFiin excess NH.F; this chemical species was stable in the uranyl
_

" fluoride solution and followed uranium stoichiometrically in the solution loop.*

: Seventeen' locations on each of the loops (Figs. 46 and 47) were measured periodically for uranium
' . holdup using the instrumentation and measurement techniques described earlier. Similar measurements

were performed on both'ioops twice a week for the entire duration of the experiment. Before each set of-

measurements, the pump was turned oft, a terminal valve was opened, and the solution in the loop was,

- f allowed to drain for ~30 min so that only the residual holdup of uranium in the loop components was
'

measured. The measurement regimen included measuring residual uranium in the pump, the terminal
. valve, and in at least two units each of the pipes, tees, elbows, and unions. The solution in the storage tank

Jas periodically monitored to maintain the concentration !evel of uranium in the solution reascnably
constant throughout the _ experiment. A set of cleanout measurements was conducted an selected

; components of both loops before they were dismantled. The storage tank contained ~55 L of solution, and
'

- z this was circulated through the loop using a positive displacement pump. The flow rates were monitored
; using two flow meters on the inlet and outlet sides of the loops. The flow rates through the loops were

'
. changed by changing the gear ratio between the motor and the pump. As far as possible, the circulation of
t the solution continued for 24 h/da'y,7 days / week. The throughput of uranium through the loops between

_

holdup measurements was calculated from known flow rates, the elapsed time between measurements, and
? the concentrations of uranium solutions in the feed tanks.-'

,

ng

, . TABLE XV. CP Dessription and .E c.'3,
- - Paremseers of Circulosion Imop -

- C-/ Sisinises Sesel-

Parensests Iany CPVC tamp

N-
_ '..

Pips, l.A .1.9 and 2.5 cm 1.9 and 2.5 cm'

Imerlength ; $0 m $0 m
Pump Steinisse sessi HasesEoy-C

gear punge gearpump-
Ashst valve . Seminisse assel . Hesessey-C

BmB velwes $ 6

',(
~

Terminalvalve -I I
Elbours 20 20

- Tess 2 2

- Flow assesrs 2 2

j{I _.N Storage tank . - Polysebylone Polyethyisne
20SL cepecityA 200LL capoeity :

^

2 . Surge tank Polyethylene Polyethylent
200LL capacity . 200-L capacity j>p'

Flow reses . 10 Umin & il I/ min &
!- 120 Um 22 Umin -

Uranium 100 a/L 91g/L
as UO,(NO ), 'as UO,F, , i

3

$. * - Enesse acid - 4 neolse of HNO/ 4 moles of HF/ [
mole uranium neole uranium

Throughput $9.5 t uranium 49.0 t uranium
'
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C. Holdup Measurements

Residual holdup of uramum in various components of the solution loop was measured using a specially
fabricated NaI(TI) detector assembly (Fig. 48). A 5- x 5-cm sodium iodide detector with a collimator and
shield was mounted on a pivot with very long horizontal arms, capable of both vertical and horizontal
extensions. The detector mounted on the horizontal arm was rotatable in a plane 90* to the horizontal
arm. A spring guide extending from the front of the detector assembly allowed careful repositioning of th-
detector at markeri measurement points on the solution loop components. A stabilized single-channel
anc!yzer system was used to process the detector output signals. The measurement system was calibrated
with standards carefully prepared to resemble the components to be measured and with uniform material
deposition on the interior surfaces in contact with the solution. The standards were assembled using
known amounts of **Sc tracer uniformly distributed on Teflon films or capillary tubes that can be shaped
to fit the interior surfaces of pumps, valves, tees, elbows, and unions and pipes.
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Fig. 48. Shielded Nal(TI) detector mounted on a long arm with a designed capability to
reproduce measurement locations on the solution loop.

D. Experimental Results

Details of the holdup of uranium in the components of the two solution loops described above are given
in Tables C-XXIII through C-XXVil. Graphical presentations of these data are included in Sec. VI.E.
Except for the pumps, all the components of the two loops remained the same during the two flow rates.
New pumps were installed in both the nitrate and fluoride loops when the flow rates were changed. In
general, the uranium holdup in pipes. valves, tees, elbows, and unions showed an initial rapid increase with

a subsequent leveling off until termination of the experiments. Increasing the flow rates from 10 to 20
1/ min resulted in an initial washout of residues followed by a slow build-up and leveling oft. An exception
to these observations was that the pumps used in the loops showed a slow but steady increase in holdup
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during most of the measurement period. The hastelloy pumps used in t% Duoride loop showed an
increased rate of build-up, probably caused by an increase in the corrusion of the internal surfaces of these
Pumps.

The solutions in the storage tanks were continuously monitored to maintain a constant volume. In
addition, twice a week during the time of holdup measurements, the circulating solution was sampled and
analyzed to determine the concentration of the tracer. The concentration of the solutions in the storage
tank remained almost the same throughout the experiment. Small changes (if any)in the concentration of
the solution were not identifiable by the radiochemical procedures used in measuring the concentrations of

' uranium and the tracer.
A number of cleanout measurements conducted at the termination of the experiments confirm that the

NDA measurements used in day-to-day measurement of holdup using a Nal(TI) detector system were
highly reliable. The results summarized in Table XVI show very good agreement between NDA
measurements and cleannut measurements. These NDA results are not the same as the last holdup
measurement, while the component was an integral part of the loop, because of the loss of material during
the disassembly of the components. The NDA-measured values reported in Table XVI were obtained after
disassembling the loop component and making measurements in place.

TABLE XVI. Cleanaut Measurements-Uranium Solution Loop Experi.'

ments

Cleanout

Par * So. in Parts NDA Measurement Measurement

llustrations' Description (g of U) (g of U)

6 Pipe 0.50 0.50

II Elbow 0.025 0.033

11 12 Pipe 0.37 0.40

i 12 Tee 0.28 0.35

13 Pipe 0.16 0.15

14 Elbow 0.02 0.03

15 Valve 0.40 0.37

15-16 Pipe 0.04 0.07

16 Tee 0.08 0.08

17 Term. valve 0.08 0.07

101 (1) Hastelloy pump 13.7 11.9

e 101 (3) Hastelloy pump 9.4 7.0

102 Tee 0.086 0.099

103 Ball valve 0.36 0.40

104 Pipe 0.014 0.016

105 Elbow 0.074 0.10

107 Union 0.024 0.028
110 Union 0.036 0.04I
II5 Ball valve 0.29 0.36
117 Term. valve 0.40 0.49 *

'See Figs. 46 and 47.
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E. ModsEng

Modeling the data from'the solution loops proceeds in much the same fashion as for the ADU
~

s .

$4- pr=eipie=eiaa 'and calcination ex'perimental results of Sec. IV. In most instances, holdup in the equipment
e reaches steady-state conditions rather quickly (compared with the intervals of measurement) and remains

roughly cEnstant for the duration of the experiment. The exceptions to the rule are the pumps whenj s
,

operated at low flow rate, where penods ofincreasing deposition are apparent.'

^ - Por each of the 66 cases-16 pieces of equipment under 4 sets of operating conditions plus the 2 pumps

? et high flow rate-the onset of steady state is deemed to be observed with the second measurement. The
" '

first measurement was obtained shortly following start-up and after the " fine tuning" required to attain-

desired flow rates and other operating conditions. A more lengthy period of stable operation then preceded
aan cesa=i of the second measurement. It is interesting that of the 66 cases, the final measurement exceeds,

the second one in 33, the converse'is true for 29, and equality holds for the remaining 4. Further,
inspection of the data from the individual pieces of equipment reveals that consecutive increases (or
decreases) in observed holdup over four or five successive time penods are rare. Such behavior is ,

consistent with data from steady-state processes. . . ;

m' . The equations and distributional assumptions that define the steady-state model resemble those from !e

- the ADU_ experiment. *Ihey are reviewed here for completeness and because the acquisition of data at
,

unequally spaced throughputs adds some minor mathematical complications to the Kalman filtering."

;4 Latting x(t) denote the measurement at throughput t of the actual quantity h(t) of holdup, the measurement
'

'

> - equation is
.

a(t) kh(t) + e(t),-

where a(t) is the associated measurement error. Here the errors (c(t)} are assumed to be independently ,

1 2J distributed with mean zero and variance q . Values of the measurement variability q used in the
'

, .
futering are given in Table XVII. In general, such values will be condition-specific and may be estimated
flrom calibration and cleanout data.~-

.

'+Ye 4 \ ,

'
2TABLE XVII. Values of Measurement Var: ability (q ) and,

2Process Variability (o ) Used in Fikering the i

,
Solution Loop Data

~

7 Equipment Flow Rate-' Location * q' 20

Pump High I,101 0.0010 0.0100<
,

- Tee Low, high - 2,102 0.0001 0.0004

'
Tee _ low, high 12,112,16,116 0.0001 0.0001

-

Valve Low 103 0.0003 0.0020
- Valve High 103 0.0075 0.0050
Valve Low, high 3, 15, 115, 17, 117 0.0003 0.0020

. ,

g . Pipe Low, high 6 0.0020 0.0020
Pipe . Imw, high 4,104,106,8 0.0010 0.0005

108, 13,113

Elbow Low, high 5,105,9.109.11 0.0001 0.0003
1II,14,114

H Union Low, high 7,107,10,110 0.0001 0.0001

*See Figs. 46 and 47.
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| I

12

-
-

~ _ . _ _ - - . _ . _ _ _ _ __ - . _ _ _ _ _ _ _ . _ _ _ - . . . _ _ ~ . _ _ _ _ _ _ _ _-.



= -- -

%
3

::V i

9.Qq

m
(

The state equation in tS model reflects the change in actual Noldup over time and captures the steady-
state character of the deposition process. When the associated measurements are to be obtained at'

th'rdsghputs t , tA, and so on up to t,,, the state equation isi
:

" "

h(t) p h(tpi) e(t ) , i = 2, 3, . n ,>
i

y -

,>
.

where the {e(t )) sse indepentatly distributed with mean zero andi
1

V ' Var [e(t )] = (t, - tpi)o' . (18)i

'

That the h) are tmequally spaced me:ms that some of the S(t)) are more variable than others. A simplei

intsrprettrion is that ever an interval of throEghput [tsi,,}, the chcnge h(t)- h(tgi)in actual holdup is'

lhly to be smallif t,4 and t are close togeVier but may be tare,er if ts, ard t are farther apart. 'Ihat thei i

variance [Eq. (18% is proportionel to the Sterval widti. t -t evdves from viewing the " larger" intervali gi

gi,t ) as a collection of small, uidepender.t subintervals. That le., holdup may change in each subinterval,[t i,

and the obr'ar.cc of the sum of such inoependent change.i acts in an additive manner. Values of the process

variability pasameter d used in the fil cring a e listed in Table XVII.
Given the measureme,t ar.d state equat:ons topther Wth the stated distntutional assumptions, it is

6traightforhrd to generate filtered estimates (fi(t )). See Appendix B for J: tails. The filtered estimates arei

! superimposed in Pgs.'49-f 0 and provi le a very good fit to the data.
Each cor.ipmes.t of the olution io(p sysiem is modeled separately. In some systems (usually " closed"

ones with extensive mea >urement histories),it is advantageous to model any recognized dependencies
between responses at distinct individual locations using either multivariatt Kalman filtering or time series

a2 methodology. In the sciuta loop experiments, there is no apparent ma'tivariate structure, nor would it
have been feasible to collect the many data required for adequate investiga. tion of the more complex model

' ~

forms. -

| Becasse holdup appears to corform to the usual steady-state model, the filtered values for any
particular piece of equipment are, in and of t'icmselves, relatively uninteresting. Final holdup estimates for
t!e low and high flow rates are provided in fable C-XXVII. Filtered values are superimposed on Figs.
50-60, and the degree of smoothing is slight bh&Jie the data are of high quality. Perhaps the most useful
lesaud ficte b the confirmation that tne s;eahy-state model applies over each of the experimental
conditions., 1

Some of tise more interesting resuhs are of a co npra:ive nature, that is, evaluating the effects on
holdup attributabic to c;fferences between high vs low flow rate, stainless steel vs CPVC, and so forth.
Though such comparisons mir,ht be of little value to a gaen facility that has its own equipment and *

' operation (mad thus might tiot be overty concerned about what would happen under other conditions), a
number of cornments are noteworthy.

One of the lateresting at.pects of this evpenmc1t is that holdup on similar types of equipment is similar
and is not siestly affected by porition within the solution loop. If differences in holdup caused solely by
position were smallia an opeesting fac3ty, this would have implications for foture measurement plans and
the reduction of sampling ertor. For exuniple,it may be impractical to measure every section of pipe every

4 inventory period Th:s is especial y true if data of very higfi quality are required. Thus, a portion of the pipe
sections can be sampled ar.d the observed values used as a basis for estimating the total holdup. Even if
there were no measurernent error, the estimated total would not be exact because it is derived from a

sample.
.

The subject of sainpling enor has been treated e.uer A:y in the !iterature on survey sampling (for
example, Refs. 40 and 41) Basically, the usual methods divioe the itetrs to be measured (the " population")
into a number of relatisely'homogenes groups (or " strata"). In the solu' ion loop example, perhaps the
different types of equipment, such as tres'and unions, could be t. sed to def*me the strata. Within each
stratum, items are selected and messared.' Otten the selection is ande completely at random, though
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,abernatives such as clustering may be used to reduce measurement effort. A total for each stratum is thenq: K <

&J # estimated from sample results, and the totals are combined to yield a final estimate for the population.
'

[Ng ' jand by the mSde of selection (for example, simple random sampling), but it is largely dependent on the
~

,
SThe magstude of the sampling error is influenced by the number ofitems measured within each stratum

y W ] degrees of homogeneity present among items within the various strata. If within-stratum variability is .

%-1 J 'sufficiently-small,' the stratum' total might be much better estimated from a hrndful of very good
'

. _ rasasurements than from.many mor: messarements of poorer quality. If, on the other hand, within-

@Q- ' ' stratum varisoility i,s large, then it is likely better to obtain a larger number of poor-quality measurements
[> . - g .|thenfa few very good ones. When considering the allocation of measurement resources, the tradeoff |

3 ~Ci, between measurement error and sampling error is an important factor. .

" 1J [ f The msst' dramatic ~effect observed in the experiment was an unanticipated one. Holdup in one section of
Mi l stainless steel pipe (location 6) was'nearly 10 times that in the other three sections of pipe (locations 4,8,
p* , M and 13).LThe holdup also was nearly 10 times that ofits counterpart in the CPVC loop (location 106).'

~

3 . ; f lacreased a.:cumulat:on in the suspect section also was apparent following visual inspection and cleanout
'

M- . . . .
- ~ - t when the loop was dismantled after the experiment. Furthcrmore, the elbow adjacent to the

/- [ suspect section/at location 5, exhibited much greater deposition than any of the other cibows (Figs.'

,

f' ~
'. [before measurms residual holdup, it was necessary that the loop be slightly (at least l' from the

]57-58). The cause of this occurrence was the construction of the stainless steel loop. To allow for drainage
'

,
.

'

,

'
.

g honzontal) tilted. The angle ofinclination for the portion of the loop covering locations 5 and 6 was not the

f1. 4 same as elsewhere' and the uranyl solution clearly did not drain to the same extent. Though unintended,,

p_ x . = jg, gg,,,, in' loop construction illustrated that effects of material type and flow rate may be small in
t comparison with other factors that were nominally held constant in the experiment. More generally, such#

,, _
factors are one cause of the sampling error as discussed above.-

.

M'R :The effect of the change in flow rate was negligible relative to other effects and, often, to process
~

(vanabihty. After the 1 Ith measurement on each piece of equipment, the flow rate was doubled as indicated

Qfi [in Table XVII. In Figs. $1-60, filtered values for the low-flow-rate data are connected starting with. the
"'

..
. _ second measurement, as are those for the high-flow-rate data. By comparing the results for low throughput

, '( , (below roughly 42 000 kg) with those for-high throughput, the effect of the flow rate change can be

g[# ' w 7empenment.
.

$ observed at each measurement location. As is apparent, no pronounced trend exists over the whole of the

[M%
;

M - The effect of material type--CPVC vs stainless steel-is relatively small. Measurement locations 2-9'
,

p* ; are directly' comparable in this regard, and Table XVI lists the estimated holdup for each locatiori at the
" conclusion of the low- and high-flow-rate experimentsiThe portion of the stainless steel loop covering

,

_4
'

measurement locations 10-17 was constructed of 3/4-in. piping rather than the 1-in. piping used in the first
~

a } [Part cf the loop 'and in all of the CPVC loop. Thus, for locations 10-17, the interior surface area in which

J holdup accumulated _was less for the stainless steel than for the CPVC. Accordingly,it can be seen that+

; less material was present for the latter half of the stainless steel loop.
.

h[ .

'

Why, - ='4
,

- i*' - tVIL DISCUS $10N AND CONCLUSIONS -y ,s
w .

-

in ' - During this investigation, we measured holdup in a variety of equipment common to HEU-processing*

% {- [ facilities. This equipment included a glove box, a ventilation air duct system, several filters and prefilters, a |
'Mj number of calciners, two types of precipitators, a rotary drum filter, four Buchner' funnel-type filters, a'

7, dissolver, two pulse columns, several pumps, pipes, elbows, tees, unions, valves, and terminal valves. In '

T most cases, the controlled measurements using properly designed NDA instruments and calibration
'

~

_ I standards provided good data useful for statistical model development.
v

' ,

,

;

'

,

a -

:n
_

t..



_ _

p

!

A. Value of Controlled Measurements
#

The primary objective of the controlled experimental studies performed during this investigation was to

7 demonstrate that well-designed, controlled experiments carried out at large facilities combined with
reliable measurements can be used to develop holdup estimation models. The quality of the holdup data

- being the key to the successful development of estimation models, it is important to im est sufficient effort
to minimize the uncertainties in the measurements. Poorly characterized materials, nonuniform deposi-

'

tions, improper calibration standards, and high background interferences generally compound the
problems of NDA measurements oflarge, irregularly shaped process equipment and facilities. One of the
methods of enhancing the quality of the holdup data is the use of tracers as stand-ins for materials that are
diflicult to measure directly. The use of radioactive tracers during these experiments enabled us to generate
very reliable holdup data on uranium, which would not have been possible by nonintrusive direct
measurement of uranium. From the data generated during limited experimental runs, the value of modeling
to holdup estimation was demonstrated. ,

The applications of these tracer techniques to an actual operating plant would require planning and a
recognition that the use of tracers in concentration levels of parts per million or less would not have any
influence on the process or the products of the process line. In riro measurement of radionuclides for
diagnostic purposes in medicine is a well-established and w:dely accepted procedure in the human health
services industry.did' The application of radioactive tracers for holdup measurements is a rather simple
application cf this procedure. There is no scientific reason why the tracer techniques cannot be used in a
large plant. However, safety-related problems must be addressed and resolved before large-scale
applications of radioactive tracers are undertaken. Radioactive tracer applications for holdup measure-
ments have not yet been attempted at a large processing facility, although the unique value of radioactive
tracers to the study of process kinetics and material flow in large facilities has been well recognized and
demonstrated."*"#

The results of controlled experiments performed during this investigation have been extremely
satisfactory and have been valuable to demonstrating the concept of developing holdup estimators from
long-term measurement data. In the dust-generation experiments for determining holdup of uranium in a

- glove box, duct system, and a prefilter, the variations in particle size, material composition, and airflow
through the duct system all played n part in the holdup of uranium. This points to the need for better
control of process parameters and better characterization of materials in the applications of statistical
models to estimate holdup as a function of material throughput.

In the ADU precipitation and calcination experiments, the holdup of uranium in the dissolver and the
filters was not seriously influenced by process parameters such as acidity of the solution and pH of the
ADU slurry produced. On the other hand, the holdup of uranium in the calciner was influenced by the
final calcining temperature when the temperature was raised from 800 to 900 C, although an earlier step
change of temperature from 700 to 800*C did not show any marked influence on the holdup of uranium in
the calciner. The holdup of uranium in the precipitator reached a steady state after the process operation

*
became routine. The initial large fluctuations in the holdup of uranium in the prc.cipitator can only be
explained by the difficulty in establishing repeatability of such an operation. This process involved a
violent liquid-phase chemical reaction producing a precipitate at the interface where the two reactants
came into contact with each other and later produced a slurry, whose viscosity varied as the process of

Y precipitation proceeded to completion. Although the operation became routine after a number of
experimental runs, it still showed the potential for large fluctuations in holdup. Therefore, in cases such as

. the precipitation column, where the process variability is considerable, the steady-state models for holdup
estimators are of marginal value.

The development of holdup profiles of uranium in a liquid liquid extraction pulse column used data from
steady-state operations of two pulse columns. There have been no reported successful attempts at
measuring residual inventories of uranium in pulse columns by NDA; measuring in. process material is
difficult enough.** The experimental study reported here used periodic removal of materials from sampling
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' posts'along the length of the pulse column and analysis of the uranium contents of the samples byS *

; destructive chemical analyses. The data obtained have been valuable for developing a condition-specifics
,

'* ' concentration profile of uranium along the length of the column, which in turn was used for estimating the
1 total amount of uranium in the column during steady-state operation. The same principles can be used to

(, L develop data required to estimate the residual inventory of pulse columns in "run-out" conditions. The

:"run-out"Jcondition measurements would offer considerable' challenges because of small amounts of
' residual SNM distribution over large surface areas, and modeling could be nontrivial because of di9culties.

*

iin the estimation of profiles that are not" smooth."The use of appropriate NDA and/or tracer ts nniques
'?h

.
;can 30 a long way toward accomplishing this goal.

.

> eThe controlled expenments to develop data on uranium holdup in pipes and pipefittings clearly;,

C~ demonstrated the value of high-quality data to develop statistical models, even though the quantities of
holdup as a function of throughput were extremely small compared with other measurements conducted-

gs. | during~ this investigatbn. ' A unique observation made during these experiments, using two types of
materials for solution loop construction, two chemically distinct uranyl solutions, and two different flow

'

- rates through each of the two loops,is that the steady-state model applies over each of the experimental
conditions over a wide variety of solution loop components. In addition, this type of measurement has thegg

M j potential value for developing integrated models of holdup of SNM in facilities containing Ir.rge assemblies

Ne of pipes and pipefittings. The NDA measurement of holdup of HEU in pipes and pipefittings is extremely
,

difficult, and it is the considered finding of this investigation that major influences en holdup in pipes and
m

, _
. pipefittags are facility: layout, chemical characteristics of the solutions being transferred, and the

. potentials for interactions between the components of the solution. and their environment.
R

a B.' Motivation for Modeling

~

' f The motivation for considering the use of modeling to improve estimation is quite natural. For example,
~

consider the holdup in a segment of ductwork or piping at a particular time. A single measurement of the
, ,

| holdup provides an estimate of the quantity of material involved, but this estimate ignores other
~

,

'
information' that may be available. Previously collected data from the location are often useful as holdup

P n'ay accumulate in a predictable manner over time. Also, data from nearby locations, or from locations+

e 'elsewhere at the facility known to behave similarly, may be relevant. Combining all such information in the
'

right way (formalized through use of the model) leads to improvement in estimation over use of an,

. individual measured value.
- The models developed in the previous sections fall into three general categories:

1. modeling over time (such as for the filters discussed in Secs.11 and III and for the solution loop
; components of Sec. VI),

,.' '

2.' modeling over space (such as for the pulse columns of Sec. IV), and -
3. modeling over both time and space (such as for the glove box floor of Sec.111).

~ * * ' - Each of these categories'of modeling is described bnefly as it relates to the various holdup experiments.
,

Modeling holdup over time in various pieces of process equipment is often relatively simple. Basically,-

i process operation is held (nominally) constant and holdup is continually monitored. When measurements
*

are of good quality, often a predictable trend emerges. For the filters discussed in Secs.11 and 111, process ,

. variability was small, and ordinary regression methods proved quite usefulin capturing the increasing |
q, deposition. Had process variability been large, this factor could have been incorporated into the model

using the general Kalman filtering framework.,

In the ADU precipitation and solution loop experiments, steady-state models were used successfully. I

: Unlike holdup on a filter, which undergoes a " life cycle" from the time a clean filter is installed until it

,

! becem:s inefficient and is replaced, quantities of holdup in many pieces of equipment appear to fluctuate
about a long term equilibrium. Modeling such steady-state data is straightforward, and estimation depends

~

L crucially on the magnitudes of the holdup data and process variabilities. At one extrerre, if no

'
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measurement error exists, the estimated values qf holdup would coircide exactly with measured values at
' points where measurements are obtained. If, at the other extreme, no process variability exists so that
h(t) = c-that is, the true holdup never changes over time-then the smoothed estimate of holdup fi(t) I

; takes the form li(t) = E. In practice, neither extreme is attained, and both measurement and process,

vanabilities are present. Thus, a plot connecting estimated holdup values at times of measurement exhibits

"a degree of" smoothing" between one extreme (connecting observed points) and the other [the line li(t) = c]..

p iThe extent to which such a plot resembles either extreme depends'on the relative magnitudes of,

measurement and process variabilities. ,

i When using models to estimate present or future holdup, an important point to keep in mind concerns
: the distributional properties of prediction error. The variance of this error is not only a function of the
quahty and quantity of data used to derive the predictive equation but is also a function of the degree of
extrapolation. A simple measure of the degree of extrapolation is the difference in throughputs
corresponding to the holdup to be estimated and to the last observed measurement. If the difference is

large, then the modelis being used to project well beyond the range of the existing data and accountancy
clearly suffers. To avoid such a problem, it is mandatory to obtain periodic measurements of holdup and

, use that information to update the model. Accountability goals determine the minimum frequency of
updates.

To this point, the discussion has involved modeling holdup over time. In some cases,it is necessary to ;

p' model holdup over space since nonuniform deposition is present in. many large pieces of processing
;

l equipment. A good example is the pulse column, the modeling of which was described in Sec. IV. Here the
'

'

basic idea is to formally incorporate the nonuniformity in the model and then integrate the estimated
profile to obtain an estimate of the holdup.

Finally, modeling over both time and space may be considered. This was done with respect to the glove

_ box floor in the dust-generation experiments (Sec. III) and the precipitator in the ADU experiment (Sec.
'

V), to name two examples. In both instances, the nonuniform deposition was characterized using
,

'

measurements from various locations. For the precipitator, the estimated profile was then used to convert.
'

subsequent counting information to estimated holdup, and Kalman filtering was implemented for the
steady-state modeling. For the glove box floor, response-surface methodology (essentially regression) was

' used to estimate the time-varying density function (or profile), and integration then provided the final
holdup estimate. The approaches to modeling holdup over time and space in these two pieces of equipment
are quite general and can be applied in many other situations.

-

; C. Applications to Fuel Cycle Facilities

The primary objective of this investigation was to demonstrate the development of holdup estimators<

. (for specific process equipment) with potential value to NRC in theit license evaluation of current and
fhture fuel cycle facilities. However, this objective is different from demonstrating how to obtain quality

,.

0 . { data without which meaningful estimation models are difficult to develop. There are several ways of
improving the quality of SNM holdup measurements. One approach used during the controlled

' experimental ~ studies of this investigation involved the use of specially designed instrumentation and,
,

. calibration standards along with carefully chosen radioactive tracers. Although the use of improved
~

'
instrumentation and specially fabricated standards are valuable to all holdup ' measurements, the use of

~ tracers has to be undertaken only after careful evaluation of the advantages and limitations to a particular
process or facility. The application of techniques described in this report, for holdup measurement and to

'

develop estimation models of hold'ap, to a process facility would require
1. a careful evaluation of the needs of the facility in terms of holdup estimation;

'
2. allocation of resources to undertake goodquality measurements for the development of holdup

- estimators; -

,
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J, j3.f identdication of regions of a plant where there is significant holdup of SNM and an evaluation of i

.

|;,z ' -

Q' A | safety-related issues of these residual inventories;
,

;g
~

)4. a clasedication of equipment into a few categories and the selection of a representative number from3

% L these categories for detailed evaluation; '

'

5. C ; of accurate base levels of hoM'm for each of these facilities;
- . 6. use of reliable instrumentation specially des 4ned to meet the requirements of holdup measurements

i and the use of calibration standards that are representative of material type, equipment geometry,
' and the material distribution within the equipment;

'

7; gathering holdup data as a function of SNM throughput for a reasonable length of time when the

n ,<
- process operation is stable;

.

' ' r 8.-'une of cleanout measurements of representative equipment to determine the validity of nonintrusive,+

>H P, nondestructive measurements and to develop proper calibration parameters;'

4 9. use of appropriate statistical techniques to develop prediction models of holdup from the good-
quality data; and

10. updating of the estimation models on a periodic basis through a limited number of good-quality

f' : rnessurements. --

- - .D.Cn- bla-

,. The findings of this investigation suggest that there are considerable difficulties associated with the
measurement as well as the development of reliable estimates of the holdup of SNM in large processing'

facilities.- Materials accumulating on the surfaces, cracks, pores, and zones of poor circulation of process
1 equipment are not easily measurable by conventional metheds. The requiremen' ts of instrumentation,
measurement methods, and calibration standards for NDA have a rather limited range of options

' depending on the geometry of the facility, the deposition pattern of residues, background interferences to
'

radiation measurement, the characteristics of the SNM, sed the quantity of the holdup.
'

This examination-of the potential'value of developing statistical models that are useful to hoidup

~

predictions leads us to conclude that there are many snstances in which modeling can be beneficial to
~

- developing estimates of residual inventories of SNM. The value of a statistical model, however, is very
much J., .Ar.t on the quality of the holdup data used in the development of such a model. If the
measurement errors are very large and/or operating conditions are subject to frequent changes, it is

~

4 ' unrealistic to expect the development of useful estimation models under such conditions. On the other
: hand, if the process operation is stable and the holdup data gathered are of good quality, the models
developed can be very valuable to making present and future estimates of holdup.

E '_Our early attempts during this investigation to use available historical data on uranium holdup to
. develop estimation models suffered from poor quality of the data and a lack of knowledge regarding >

process variables that may have influenced the holdup. A careful examination of available historical data

wJ ' 'on uranium holdup from Los Alamos National Laboratory and GA Technologies. Inc.. indicate that there
'is very limited value to much of the existing holdup data, gathered by nonintrusive passive assayr

~

>

', techniques, for developing estimation models of residual inventories of uranium. Another task undertaken
during this investigation was to conduct specially designed NDA measurements of SNM holdup at

#. '

F : operating facilities. This effort had limited success, and it was recognized that such an approach to develop
. . holdup data can be valuable only when these measurements are properly coordinated with plant operating,s~

personnel. In operating facilities, it is not practical to obtain measurements analogous to those in*
L controlled experiments. The process of gathering l'oldup data at such facilities necessarily will have to

L : involve some disruptions in the routine operations of the process, although such measurements can be
conveniently scheduled to minimize impact on plant operations.
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< The difficulties associated with holdup measurements at SNM-processing facilities are the resu'ts of
~ '

both facility- and measurement-related problems. Neither of these problems has a simple short-term
*

~ solution, although improvements over the present situation can be accomplished to meet the objectives of

f L nuclear material safeguards 'and accountability by incorporating carefully designed measurements as part
- ofinventory records development and the judicious use of statistical prediction models.

1There are several limiting factors to accomplishing the goals of regulatory requirements of holdup
~estimaten. They include the layout of the plant and equipment, the need for calibration standards,
knutations of NDA instruments, and the lack of priorities for holdup measurement at SNM-processing
facehtnes. The layout of many of the existing facilities is a major hindrance to holdup measurement.

: Although it is difficult to make major changes in existing facilities, it is an important factor that should be
- considered in the design and construction of new facilities. There is considerable roort for innovations in

' the development of standards specially suited for materials holdup measurement, and this is an area that
, can be stressed in regulatory guidelines on holdup measurements. The developments in NDA instrumenta.,

tion of the last decade has yet to address the needs of holdup measurement. Thus, there is a dearth of
specially designed NDA instruments that are readily adaptable to meet the needs of a variety of holdup
measurements. Finally, and most important, an increased awareness of the importance of holdup<

measurements for materials accountability, process safety, and efficient plant operations can make a
- , signialcant contribution to meet the goals of regulatory requirements of residual holdup estimations.-

.
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[ APPENDIX A'
4

b

USE OF TRACERS IN MATERIALS HOLDUP STUDY

p 1 - K. K. S. Pillay

'

,
,

'

: L' INTRODUCTION .

k 'A Holdup measurements are generally based on the concept of dividing processing facilities into

f contiguous collection zones and performing NDAs to estimate residual inventories of SNM. Often
_noedestructive measurements for holdup are attempted using passive gamma or neutron assay techniquer,.
This approach generally encounters difficulties caused by facility. and process-related problems, which in

T _ tura compound the inherent limitations of passive gamma assay techniques for the measurement of SNM.
? Some of the important limitations of passive assay techniques for the measurement of enriched uranium
Jand plutonium are -

-

;!. the low specific activity of the isotopes 2250 and 8''Pu and the awompanying difficulties in the
measurement of small amounts of uranium or plutonium in the midst oflarge background radiations, ,

m L firom other parts of an operating plant, . i

2. the insensitivity of passive neutron assay techniques for the detection and measurement of residual !, - 1

amounts of uranium or plutonium, r

y^ 7 3. the dominance of self-attenuation in the matrix of the SNM and the attenuation by construction ,

'

.
materials of the low-energy gamma radiations from "U and 2"Pu, and2

4.. the potential variabdity in the distribution of uranium holdup within the process equipment and the
i ;" . conesquent .T i " value of conventional calibration techniques.

The Ma*=aia== of NDA techniques are recognized, and Regulatory Guide 5.13,^ ' in describing

f. .' [ physical inventory procedures that are acceptable to regulatory staff, discusses the acceptability of other
niethode such as " tracer or step fbnction inventory" for dynamic inventory development. One of the
unique methods of overcoming the limitations of passive NDA techniques is the use of a tracer to account

! Asr the residual SNM. Sefaguards techniques and process inventory determinations using minor isotope
techniques have been previously reported.^ 8 ^-8 Other suggestions on the potential use of radioactive

[ trasers la materials holdup measurements"-* and for the study of materials flow in a large fuels materials

, preparation plant"-s have been made in the past. However, there are no known reports on the use of
'

tracers for the measurement of holdup of SNM for materials accountability purposes. Among the various<

5 types of tracers that are in common use, a ra60sctive tracer that is compatible with the system is the most
' desirable for passive NDAs.,

Tracers are powerful tools in the study of process kinetics, and they have been used extensively in the
9g 4 ' inveengasson of biological, geological, environmental, and chemical systems. In several experimental

~

studies of this program to measure the holdup of uranium, radioactive tracers were used in equipment and

facilities |uesd in the preparation' of nuclear fuel materials. The use of radioactive tracers in these,

; enas.iments offered considerable advantages to measuring uranium holdup and its variations as a function,

~ f throughput and some chosen process parameters. Such tracer applications can be of value to measuring' ' > o<

holdup of both uranium and plutonium in production facilities of nuclear materials.
,

e i t
~

II. EXPERIMENTAL STUDIES USING TRACERS

(On of the important aspects of the research study reported here was an attempt to develop estimation
' '

models for materials holdup at HEU processing facilities. An integral part of this program was to conduct ;

speciaNy designed experimental studies on several unit processes common to industrial operationsY -
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6 involving the preparation of HEU nuclear fuels. These experiments were conducted to collect data for% #

p. developine holdup estimators that are equipment and process specific. Three of the experiments in which

9 ,
redlonetive tracers were used to measure the amount of uranium holdup are

.

Q - L1. a duet-generating operation at a HEU-processing facility,
M^ [2.' an ADU precipitation and calcination process, and

- 3. a soluth,a icop system circulating uranyl solutions..
LThe first esperiment involved the study of uranium holdup during a dust-generating operation in which

two types of uranium oxide powder and one type ofincinerator ash containing uranium were used. The

F esperheental facGity consisted of a glove box, some ductwork, and an exhaust air filter system. The total
throughput of uranium through this experimental facility was ~1 kg/ cycle for a total of 70 kg for seven |H ^ '

s

esperiments. Details of this experimental study were reported in Sec. Ill. t
,

' '

+ The second experiment, detailed in Sec. Y, consisted of the precipitation of uranium as ADU from a
uranyl nitrate solution, filtering out the ADU, and calcining it into U 0.. The precipitation processes were3

4 ~ carried out in a large, cylindrical, stainless steel vesse' The filtered ADU was calcined in Inconel-600 trnya
. in a Undberg fhrnace. *Ihe throughput of uranium through this system was ~1 kg/ batch with a cumulative

'

throughput of ~50 kg. .
.

: The third experiment (see Sec. VI) consisted of circulating two types of uranyl solutions in two separatet .

loops, one built of stainien steel and the other fabricated from CPVC. The loops were built to incorporate
'

a: ' large storage tanks, circulation pump (s), pipes of various dimensions, elbows, tees, unions, flow meters,
valves, and terminal valves. One of the solutions pumped through the stainless steel side of the loop was a

E y uranyl nitrate solution contMning excess HNO (4 moles of acid per mole of uranium); the other solution,'

3

circulated throt sh the .CPVC side of the loop, was a uranyl fluoride solution containing excess
- hydrofluoric acid. The total throughput through the system was equivalent to ~110 tonnes of uranium at-

-

y a circulation rate of ~50100 kg/h of uranium. -

: The objectives of these experiments included periodic measurem:nts of the residual uranium in the
' ' ^ system and attempts to correlate throughput with holdup. In the early stages of designing these

experiments, it was restined that it would be impractical to make the necessary measurements for these
esperiments by attempting NDA of mU using scintillation gamma assay techniques. The quantities of'

materiale to be measured during the experiments ranged from few tenths of a gram to a few grams of

'

; uranium in large' process vessels and equipment. The changes in the quantities of holdup of uranium
between measuremen's were even smaller, and the difficulties of measuring such small amounts of materialt

' in experimental facilities located in processing areas were not trivial.
-

A. Qualities of a Tracer

Some of the desirable qualities of a tracer for process holdup measurements are the following.'
,

: 1. A tracer should have unique characteristics that would make it easily identifiable in a very large
~

'

~ matrix. In the case of radioactive tracers, tinis quality is generally achieved by the uniqueness of the<

' radiations emitted and ease of detection and measurement using simple measurement techniques.
2; The tracer mast be physically and chemically compatible with the system and the process under

F investigation. This is generally accomplished by choosing a distinguishable isotope or a chemical
.

analogue of the ekment that will follow the major component of the system theoughout the process.
L 3. The tracer must be in extremely small concentrations so that it will not influence the process

chemistry or the product of the process under investigation. Tracers in concentrations of parts per
million or less would satisfy this requirement.

4. When a radioactive tracer is used,it would be desirable to choose a radioactive isotope of relatively
-~ hort half-life so that the radioactivity originating from the tracer would soon disappear from thes

matrix after the useful duration of the experimental study.
These above-mentioned qualities were chosen as criteria for the selection of tracers in our experin ental

' studies.
< .y

,
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5. Trasers Used in HEU Holdup Measurements

In experunent 1, neutron-irradiated samples of(a) powdered uranium oxide and (b) an incinerator ash
. .

containing ~10 wt% of uranium oxide were used as tracers. These samples were irradiated in a research
'^

in ' reactor until ~ 10" fissions were introduced in the tracer sample. The samples were allowed to cool for ~2
weeks to reduce the level of short-lived fission products and to maximize the 'evel of "Zr Nb. In*

saperiments 2 and 3, a chemical analogue of uranium, with a unique neutron activation product, was used
as a tracer. This isotope, **Sc, was produced by neutron activation of natural scandium as Sc 0. The3

properties of these radionuclides relevant to these tracer app'ications are s"mmarized in Table A l. t

The gamma emissios.s per unit time per unit weight of the radionuclides in Table A-I show that the !

specinc activky of the tracer nuclides is ~ll orders of magnitude higher than that of 100%-enriched 2ng,

W> If the tracer nachde level in uranium is I ppb, there is a specific-activity advantage for the tracers 100
times better than for "U. In addition, the higher energy gamma emissions from the tracers in the range of i8

' . 0.5-1.2 MeV minimizes the interferences from beta and low-energy gammas. Thus, the overall advantage i"

' . of using these tracers at the part-per-billion level for uranium holdup measurement can be at least two org
three orders of magnitude better than the direct NDA of 2"U. Further improvements can be accomplished i"U :

by using higher levels of tracer and tracers with higher specific activities.
Physical and chemical compatibility of the tracer with the uranium system is essential to the successful

function of the additive as a true tracer for uranium. Through careful experimentation, the chemical and'

'
- physical forms of the tracers for three experiments described here were chosen. Table A-Illists chemically

i and physicaRy compatible forms of the tracers that were prepared and incorporated into the experimental
systems. The tracer levels were monitored at various stages of the processes to assure homogeneity and# #

,, .t._ 7 as a true tracer for uranium. Carefully designed bench scale experiments were performed to j
'

,.
connrm that the tracer chosen followed uranium quantitatively throughout the process. The analyses of

Y* uranium was performed using destructive chemical assay techniques described in Sec. V.E. Scandium-46

/ tracer in the system was inessured using a well shielded 7.5. x 7.5 cm Nal(TI) detector and a single- t

channel analyser system.

- TABLE A-I. Specine Activities of 2"U and Tracer Isotopes *
"

Prominent y's y Emissions

Nuotide Half Lilk ' (kev) (s-' g-8)
7

2"U . 7.04 x 10' yr . 185.7 4.32 x 10*
~

w : **Se ~ 83.55 days IIS9.3 2.5 x 10"
, ,

t 120.5

i "Zr-Nb 64.4 days 724.2 1.56 x 10"
,_

" ~ v ~ (31.15 days) 756.7-
765.8' '

*

.
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TABLE A-II. Tracers and heir Compat5ie Forms

[ Emperiment Tracer Physical Form Chemical Form

( U 0, dust Fission Solid (particle In stra-sen-3

g generation products: size same as ersted fission"
"Zr-Nb & U0) products in3

8"Ba La U 0,3

ADU precipitation "Sc Solution to Sc +,2

& calcination solids (changed Sc(OH)3, and

with uranium) Sc 0,3

Uranyl nitrate "Sc Solution Sc'+
solutior loop

Ur=1yl finoride "Sc Solution [ScF,]'-
sch; tion loop

C. Limitations of Experimental Facilities

The holdup experaments were conducted at two facilities with large inventories of uranium and/or
~

thorium. Figures A I and A-2 illustrate the nature of the interferences by the background radiations at the,

two facilities. Figure A 1 shows the gamma spectrum of 8'2Th and its daughters, wnich were the dominant -
backgrsund at the facility where the dust-generation experiment was conducted. In this illustration the
gamma spectrum of ' 'U was inserted to show the relat: c location of the most abundant primary gamma

'

peak from enriched uranium. Also included in this illustration is the gamma spectrum of a "Zr.Nb
equilibrium mixture, which was the dominant activity of the tracer used. The gamma radiations from the
tracer are clearly distinguishable and measurabif in the midst oflarge background radiations from thorium
and its decay products. Similarly Fig. A-2 shows the background radiations at the uranium-processing
facility where experiments 2 and 3 were conducted using "Sc as the radioactive tracer. liere again, the
advantage of using "Sc as a tracer for the NDA of uranium is obvious.

D. Tracer Levels and Measurement Methods
i'

The amount of radioactivity of the traccrs used in these experimen;s ranged from I to 3 x 10' Bq/kg of
uranlem. For "Sc, this amounted to an atom ratio of ~1 tracer atom to 10' atoms of uranium.

The instrumentation used in these measuremmts consisted of a shielded Nal(TI) scintillation detector
and a sing!c channel analyzer ned a scaler. With these instruments,it was possible to c uantify accurately

i

the tracer levels in the residual uranium holdup without undesirable interferences by the background
radiations.

,

i
|

|

|
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. IB. RESULTS AND DISCUSSION

|j WA of Tracers in Uranium Matrices
i

~

; The incorporation of a tracer in~ a homogeneous solution of uranium is generally easier than the
~ introduction of the tracer in a solid matrix as with the U 0, dust-generation experiment. In this latter case,3

~200 mg of U 0. (or ash contaning U 0.) were irradiated in a neutron flux to generate the fission~37 3 3
~

products within the matrix of U 0 . The active U 0,(or ash) was then blended with the bulk material. The3 3'

mixture'was esmpled and counted to assure homogeneity of the tracer within the U 0, matrix. The3

blended material was considered h=-; n . if the relative stai %rd deviation of the specific activity of
: the samples was _~$%.

'

The uranyl natrate and the uranyl fluonde solutions used different ionic forms of scandium because of
* he chemical charactenstics of the media. Homogeneous mixtures of the uranyl solutions and correspond-t-

. ing tracer forms were prepared and preserved for up to_2 months in containers made of the the same
'

maserials used in the expenment. These mixtures were periodically analyzed to determine the potential
segregation of tracer from the uranium matrix. It was determined that the uranyl nitrate solution with Sc +8'

_

'

ion was compatible with the polyethylene and stainless steelloop and the (ScF.}' ion in uranyl fluoride
was competable with the polyethylene and the CPVC loop with a hastelloy pump.

L In the case of the ADU precipitation and calcination, the uranium went from a homogeneous solution to
a' precipitate and then to a calcined solid. The tracer scandium also followed the physical changes with
wncomitant chemical changes. The basic chemical reactions of uranium and scandium during this

1 experiment are as follows:

~ UO (NO ), + NH. OH -+ precipitation -+ (NH.)3 U 0, . XH 03 3 2 3

' f(NH.),U 0,-+ calcination-+ U 04

2 3

U 0, + HNO -+ disso|ution -+ UO (NO ), ; and3 3 3 3

Sc(NO ), + NH.OH -+ precipitstion-* Sc(OH)33

.

Sc(OH), -* calcination -+ Sc 03 3
i

Sc20 + HNO -+ dissolution -* Sc(NO )33 3 3

>

Careibt measurements made of the movement of **Sc tracer with uranium showed no partitioning between

uranium and scandium during dissolution, precipitation, and calcination processes nor during recycling of |
the products in the same processes. Some of the typical results of the quantitative measurements of the
movements of **Sc tracer during various stages of ADU precipitation and calcination are shown in Table

i

. A.III. These measurements indicate that scandium, a chemical analogue of uranium,is an excellent tracer
for uranium during the transformations involved in this unit process.

,

B. NDAs and Cleanout Measurements for Holdup Determination

A number of cleanout measurements were performed during this investigation to compare the results of
NDAs using the radioactive tracers. The cleanout measurements were performed by a variety of methods
for the various experiments reported here. Among the analytical techniques used were isotope dilution
mass spectrometry, titrimetry, spectrophotometric analysis using Arsenazo-lil, and gamma-ray spec-
trometric measurements of the tracer activity in the cleanout material using a well-shielded, high-efficiency
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TABLE A-Ill. Per Cent Tracer Found at Various Stages of
ADU Precipitation and Calcination

State or Uranium State of **Sc ' Per Cent ofInitia!
in the Matrix ~ Tracer Spike

8UO,(NO ) solution Sc ' 1003

ADU Sc(OH), 97.9

U,0, Sc,03 98.1

U,0, recycled to
*

UO.(NO ), Sc'+ 98.7i

3

Reprecipitation as
ADU Sc(OH), M.8

Recalcination to
U,0, Sc,0, 97.1

4

' Nal(TI) detector coupled to a multichannel analyzer. In Table A.IV, the results of some of these cleanout
measurements are compared with the corresponding values of NDA measurement of tracers in the

' residual holdup.

SLE A-IV. Comperleon er NDA Measurements of Holdup with Cleanout
. Measurements (in Grams of Uranken)

Empert- Equipesat/ Tracer NDA Cleanous
ment No. - Parts M-._ Measurement

I Duetwork 3J6 3J9
(fine U,0 ) 6.22 3.10

l Ductwork 1.66 1.06

ji (ash with 2JO 2J1
U,0,)

I Ductwork IA0 1.89

(coarse
U,o.)

2 - ADU precipi- 12.6 14.6a

k ,; tation vessel 9.3 10.2

[ 2 Calcining I.7 IJ

[
'"'"*a'

'

2 Calcining lA IJ
trays

.3- Pipse (per 0.37 0.40

meest) 0.16 0.15

_

3 Elbowe 0.02 0.03

!7 0.03 0.03
*

3 Valvee 0.40 OJ7

s Tees 0.00 0.011

,

040 0.00

d 3 Pwnpe 13.7 11.9

f ^4 7.0

y
1

The results of these experimental studies clearly demonstrate that the sensitivity of holdup measure-
ments can be significantly improved by the judicious incorporation of trace levels of radionuclides with a,

high specific activity and desirable gamma-emission characteristics. This approach is particularly valuable
in generating data for the development of holdup estimators and in determining significant holdup patterns
oflarge processing facilities cf SNM. The cleanout measurements of materials holdup necessarily involve

: m@ disruptions in the operations of the facilities and considerable investment of manpower and
. resources. The NDA measurements described here using tracers can be performed in a few minutes

95

V_



|. , _.

|

l
i

|

- without any significant disruptions to facility operations. Furt'or, the data presented in Table A 1 and ;

_ Figs. A-1 and A-2 clearly demonstrate that the passive assay of the gamma radiations from the '8U for |
2

the study of holdup in these experiments would have been futile because of the extremely low specific |
activity of 2"U acd the overwhelming interferences by the background radiations resulting from the large '

inventories of uranium and/or thorium.
.
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APPENDIX B
L

PRINCIPLES OF REGRESSION AND KALMAN FILTERING

R. R. Picard

I. REGRESSION

A brief development of estimates based on regression methodology is presented in the following
- paragraphs. Such estimates are used in the analyses of the dust generation experiments and of the liquid-
liquid extraction pulse-column data. A more detailed treatment of the results given below can be found in
many texts *''**'8on regression and linear models theory, including several cited in the reference list of this
report.

The standard linear model relates a " dependent variable" y to p " explanatory variables" {xi) by
F

y = Si + $2 + p,x, + e, (B1)x x

where the {pi) are unknown parameters and e denotes the error in measurement. Once parameter estimates
{$,) have been obtained, predicted values y of the dependent variable take the form

y = Si , + $3 + . + S,x, . (B2)x x

Several examples of Eq. (B-2) are given in previous sections of this report. Data from the air filters uscd in

the dust-generation experiments conformed to the model(written in the notation of Sec. III)

S,(t) = St + St ,8~

where the dependent variable h,(t)is the amount of holdup on the filter at throughput t and depends on the
8

explanatory variables t and 1. A second example, also taken from Sec. III, concerns the modeling of the
glove box floor, where the estimated density 3(t,x,y) of material at location (x,y) on the floor when process
throughput is t is

3(t,x.y) = at + $ts + ty .

As is apparent from inspection of Eq. (B 1), far more complex relationships may also be examined using
linear models theory.

The procedure for using observed data on the dependent variable and explanatory variables for
purpness of estimating the parameters {p,) in Eq. (B 1) is straightforward. The basic idea is to obtain {$i)
such that the Atted Eq. (B 2) agrees "best" with the observed data. Often "best"is in a lesst squares sense

'-
as the resulting estimates have desirable properties for the common situation when errors are approx-
imately normally distributed. Standard statistical computer programs contain least squares routines for
this reason. For completeness, however, it should be noted that other notions of "best" could be

"
considered, leading to either weighted least squares or to robust estimation.

Derivation of the least squares parameter estimates {$,l is most easily accomplished in compact matrix

notation. IAt y be the vector of observed values of the dependent variable, each value conforming to Eq.

(B-1) for its associated (x,). Forj the vector of unknown parameters {pi);,g, the vector of measurement
errors; and X, the " design matrix of constants of the linear relationship; the model is

J = XJ + e ,
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- The least squares estimate of j is

J =~ (X'X)-' X'y , ;

, and predicted values are obtained as indicated in Eq. (B-2).

!

~ IL KALMAN FILTER f*

g

4 The i f-g ; of filtered estimates is described in the following paragraphs. To facilitate application i,

. of this methodology to problems beyond the steady. state model discussed in analysis of the ADU and
- solution loop experiments, the Kalman liiter is presented in its general form. For additional information, ;

some :'-- - ^=j references '-8 ** are provided. Also, the early development of filtering,largely pursued
. in the engineering literature, may be consulted.'

The olqpective is to estimate the continually changing " state" of a system based on noisy data. In the
. tent, the state is simply the unknown quantity of holdup in a piece of equipment, and the relevant |' ' ' - history comprises the data. The model is represented by the measurement and state
equations. In general, the measurement equation is written

a(t) = m(t)h(t) + a(t), (B-3)

where the measurement (s) x(t) and state (s) of the system h(t) at time t may be vector Valued. The error !

vemor e(t)is assumed to be distributed with mean zero and covariance matrix r(t), and the " measurement
matrices" (m(t); t = 1, 2, .) are presumed known. Equation (15) of the text's steady state model is a ,

special case of Eq. (5-3) above with x(t) and h(t) scalar valued and m(t) = 1, r(t) m q'. '

The state equation, in general form, is

, h(t) = s(t - 1)h(t - 1) + c(t - 1) + e (t - 1) - (B-4)

. and relates the state of the system h(t) at time t to the state h(t - 1) at time t - 1. The " state s.ansition
matrices" (s(t)) and " control vectors" {c(t)} are presumed known, and :(t) is distributed with mean zero
and covariance matrix q(t). Further, e(t) and e(t) are uncorrelated. Equation (16) of the text corresponds to'

Eq. (84) with a(t) m ', c(t) m 0, and q(t) m o,8
The recursive procedure known as the Kalman filter formally proceeds as follows.
1. Iset G(1) be an estimate of the initial system state h(1) and have covariance matrix v(1). Set t = 1. |

2. The state estimate at time t + 1 based on all information through time t is ,

!
A(ti 1) = a(t) G(t) + c(t), ;

and the error cf prediction has covariance matrix i

' - Q*' p(t + 1) = s(t) v(t) s(ty + q(t) .

" 3. The sein matrix is defined by

i
Ig(t + 1) = p(t + 1)m(t + ly[m(t + 1)p(t + 1)m(t + 17 + r(t)]'8

.

4. The state estimate updated for the measurement at time t + 1 is

G(t + 1) = h(t + 1) + g(t + 1)[x(t + 1)- m(t + 1)R(t + 1)]
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.

and has covariance matrix

v(t + 1) = [I - g(t + 1) m(t + 1)) p(t + 1) .

5. The recursion continues by repeating steps 2-4. Properties of the filtered estimates (fi(t); t = 1,2, . . }
can be found in standard references."*"

In a final note, it is also possible to obtain " smoothed" estimates. In contrast to filtering, in which the
current state of the system is estimated based on present and past information, smoothing uses all
available data to estimate all system states. Thus, a previous filtered estimate can be updated based on the
collection of subsequent data. Because smoothed estimates are not overly useful for near real-time
accounting, the subject is not discussed here.

|
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APPENDIX C

|r. DETAILED DATA FROM CONTROLLED EXPERIMENTAL STUDIES

Note: The number of significant figures in the data tabulated in this appendix is not representative
of the accuracy of modeling estimates. The relative errors of estimations may be evaluated from
estimated values and system losses computed from measurements.

DATA FROM EXPERIMENTAL STUDY OF
URANIUM HOLDUP IN A DUST-GENERATING FACILITY

(Tables C-1 through C-XV)
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N& '1es *An outhe, me used an tM model & ang
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TABLE C-VIIL Table of Holdup Measurement ' !

(i F.=ceriment: Coarse u,o,.high airnow -
n tn

p. t , ' Throughput'4

(ha)
{

ndessurement*

,

P(Ant 2 4 6 8 10

I :0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2 ' O.0000 - 0.0000 - 0.0000 ' O.0000 0.0000 0.0000
3 0.0000 ~0A000 0.0000 0.0000 0.0285 0.0059
4 0.IO31 0.1404 0.1855 0.1225 0.1550 0.1942 ..

5- 0.0277 - 0A529 0.0642 - 0.025i ~ 0.0374 0.0778
.6 0.0000 0.0056 0.0000 0.0246 0.0290 0.0000

'
7 0.0006 ' O.0099 - 0Al27 0.0325 0.030s 0.0281,

8 0.0000 04120 0.0Ito 0.0180 0.0ito 0.0030'
S 0.0000 - 0.0000 0.0000 0.0000 0.0000 0.0000

10 0.0000 ' 0A000 0.0000 0.0000 0.0000 ' O.0000
~ l1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

*

12- - 0.0000 0.0000 0.0199 0.0209 0.0066 0.0000
13 0.0000 0.0041 0.0314 0.0000 0.0000 0.0000
14 ~0.1630 0.1860 0.2740 0.3520 0.4480 0.4270

'

. : 'At each rnessurement point tabukate values are scaled as in the experiments with U,0,(see Tables C.IV through
C Yll); that is, for locations 17 and Il.13 units are eniEigrams per square centimeter,and for locations S- 10 and I4,

units are grams.-

!Tj, /
- ?Zero valurs indicate observed negative count rates, which may result from measurement error when the amount of.,

- material measured H small relative to background; blanks indicate that no value is availaHe.
'

'An outlier not used in the model fitting.

,

Table C.IX. Sumsnary of Modeling Resuks for Esperiment with
& Costne U,0,

Measurement Estimated Holdup *
- Component Points' Model (3)

Glove tex sides 32 6,(t) = 0 0

I| Giose box finor - ~ 3-5 ' 6ft) = 0.0934 0.934

Vertical sepwnt ' . 6-7 | G,(t) = 0.0199: 0.199
,

''

First elbow 8 6,(t) = 0.0022t 0.022
m /, Segrnent between .

[- elbows 9 E,(t) = 0 0

s Second elbow 10 6,(t) = 0 0,

Horizontal -
segment 11 13 6,(t) = 0 0<

;

Filter -14 6,(t) = 0.124 I |
' + 0.0118 0.440

S
, + 0.0020t2

1I System total ' I 14. G(t) = 0.1241 1.393
,

+ 0.1273: '

+ 0.0020t'

System weight.
,

y . loss 2.266

*5ee Fig. 6 for details.

'The function IL (t) represents the estimated holdup within the individual |
- component when the throughput mes t kilograms.

|
%t = 10 kg. i

,
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TABLE C.X. Table of Holdup Measurements *

Esperiment: Ash, law airflo=

Throughput *

(kal

Measurement

Point i 2 3 4 5 7 !0

1 0.0000 0.0000 - 04000 0.0000 0.0000 0.0000
2 0.0000 0.0000 - 0.0000 0.0000 0.0000 0.0000
3 0.0262 0.0352 0.0494 0.0611 0.0625 0.1133 0.1389

6 4 - - - - -

S 0.0109 0 0100 0.0310 0.0312 - 0.0535 0.0874
I6 0.0101 0.0079 - - - - 0.0149

7 0.0076 0.0062 - - - - 0.0096
,

8 0.0040 0.0010 0.0070 0.0020 0.0000 0.0000 -

9 0.0040 0.0000 - - .- - 0.0160,

10 0.0000 0.0000 0.0000 0.0030 0.0050 0.00250 0.0060
11 0.0000 0.0000 - - - - 0.0000
12 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
13 0.0000 0 0000 - - - - 0.00u0

m - 14 0.0330 0.0360 0.0360 0.0470 02600 0.0560 0.1030

'At each onessuremen: point, tabulated values are scaled as in the esperiments with U,0,(see Tables C-IV through
CVII); that is, for f xations 17 and II 13 enits are miuigrams per square centimeter,and for loca' ions 8-10 and 14
units are grams.

'

'Zero values indicate the observed negadve count rates, which may resuk from measurement error when the amount
of material measured is small relative to background; blanks indicate that no ealue is avmilable.

I-

I Table C-XI. Summary of Modeling Results for 1.cw.AlrSow Experiment
with Ash -

Measuremer.t Estimated Holdup'
Component Points' Model* (g)

Glove box sides I2 6,(t) = 0 0
Glove box floor 3-5 6/t) c 0.1436t 1.436

Vertical segment - 6-7 6,(t) = 0.0094t 0.094

First elbow 8 $(t) = 0.0013t 0.013

Segment between

elbows 19 6,(t) = 0.0016: 0.016

L Second elbow .lu 6,(t) = 0.00056 0.0056

Horizontal
segment 11 13 6,(t) = 0 0

F; iter 14 6ft) = 0.0329 0.100
+ 0.0003:
+ 0.0006 2

System total . 1-14 6(t) = 0.0329 1.664

y + 0.1568t
i + 0.0006tr

[z System weight
loss 1.3 I

'See Fig. 6 for details.

% function Qt) represents the estimated holdup wkhin the individual component
when the throughput was t kilograms.

,

'Throaghput = 10 kg.
t
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7ASLE C.XII. Table of Holdup Measurements *

Expenment: Ash, mediurn airSow

( .

Gial'

Measurement
Point i 2 3 4 5 6 7 8 9 to

-s 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 OA000 0.0000 0.0000 0.0000
2 0.0000 J 0.0000 0.0000 0.0000 0.0000 0A000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

j - 3 0.0001 0.0078 0.0143 04138 04344 0.0264 - 0.0259 0.0420 0.0640 0.0508 0.0542'-
4 0.0000 4.0000 0.0175 0.0330 0.0414 0.0592 0.0510 0.0626 0.0671 0.0916 0.0879 -

5 0.0073 0.0000 04197 0.0228 0.0440 0.0324 0.0420 0.0548 0.0479 0.0696 0.0671 -

6 0.0047 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0034 0.0000
C '7 -- 0.0093 0.0181 0.0113 0.0164 0.0161 0.0127 0.0065 0.0088 0.0002 0.0099 0.0150

-8 0A140 0.0010 0.0050 0.0090 0.0000 0.0070 0.0060 0.0340 0.0260 0.0260 0.0280 0.0290
9 0.0200 0.02W 0.0210 0.0330 - - 0.0420 0.0a00 0.0550 0.0430 0.0290 0.0570

10 04110 0.0000 0.(090 ' O.0140 0.0060 0.0110 0.0200 0.0210 - 0.0240 0.0220 0.0260
II 0.0119 OA074 0.0119 0.0058 0.0127 0.0140 0.0201 0.0119 0.0132 0.0132 0.0860 0.0148
12 0.0019 0.0066 0.0133 0.0085 0 0085 0A057 0.0171 0.0|14 0.016I 0.0190 0.0209 0.028!
13 0.0046 0.0002 0.0059 0.0007 0.0187 0.0050 0.0119 0.0047 0.0069 0.0128 0.0091 0.0164
I4 0.0540 0.0750 0.1130 0.1370 0.1570 0.1880 - 0.1440' O.2770 0.3200 0.28*0 0.2730

, 'al-13 emelts are minigrams per square ^enlues are scaled as in the capenmems ekh U,06(see Tables C-IV through C VUh that is for locatens I 7 andAt each measurement W
. and for locataans 8-to and 14 units are Brams.

*- 2sro taines huheste the observed negative count rates. which may result kom measurement ereor when the amount of material measured is small
evastive to becks ous.d; bienks indicate that no alw is aveanbie.

As outlier not used in the endel f!ains.

Table C.XIII. Summary of Modeling Results for Medium.Alrflow Emperi-
ment with Ash

Measurement Ltimated Holdup'
Component Points' Model* (g)

Glove box sides 12 G,(t) = 0 0

Glove box floce 3-5 Sft) = 0.0676: 0.676

L Verticalsegment ' 6-7 G,(t) = 0.0045t 0.045
|-

First e! bow 8 $/t) = 0.0025t 0.025

Segment between 9 G,(t) = 0.0227 0.046

elbows + 0.0023t

Second elbow 10 G (t) = 0.0024 0.0242

Horizontal
segment 11 13 6,(t) = 0.0090t 0.090

Fiher 14 S/t) = 0.0273 0.295
+ 0.0267t

System total I.14 G(t) = 0.0500 1.201

+ 0.1151t

System weight
loss 1.53

"Sce Fig. 6 for details.

'The function G (t) represents the entkneted holdup wkhin the indi.idual component
when the throughput was i kilograms.

'

' Throughput = 10 a3

i
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TAOLE C.XIV. Table of Heiday hessnarummes*

Espedmont: Ash,high akten

Throughp=*
(kal

puhe i 2 3 4 1 6 7 8 9 10

1 Sage 0 Sage 0 SAese OA000 0.0900 OA000 0.0000 0.0000 0A000 0A000 0.0000 0.0000
2' OA000 SAOSO SAe00 - SA000 SA000 0A000 OA000 CA000 OA000 OA000 0.0000 0.0000
3 SA000 0A303 SA290 02276 GA724 0.0$30 0A093 0.0604 0.1380 0.1096 aI000 0.1074
4 GA802 04434 4 0786 0A730 0.1127 04992 0.1060 0.3074 0.1610 0.1458 0.8443 0.1478
$ 04243 SAe65 GAS 69 04775 OA1m 0.1026 Ellie R1274 0.1457 0.l*44 0.1637 0.8460
6 0A000 SA09$ SA095 Gates OA070 - - 0.0243 OA214 0.0231 04157 -

7 ' cal?S 0A109 - SA293 04319 0.0332 0A322 0A208 - - 0.0436 0.0445
0 SA140 SAMO SA240 SA320 0A140 0Alec 0.0330 OA340 04460 0.0330 0A200 0A320
9 04230 Sage 0 OA000 04300 OA030 DAge0 0.0330 SA500 04230 0.0010 0.0000 0.0290
le SAest 0.4040 SAtet 0A000 SA030 0.0020 0.0!!0 0A180 OA030 04020 - 0.0100
Il SA006 & 0050 SA000 SA164 0 Age 0 CA066 0.0000 0.0132 0.0000 OA000 0.0000 0.0000
12 SA000 0A047 0.0020 OA220 0.0184 0.0030 OAITI 0.0000 0.0000 0A038 0.0057 0.0163
13 SA073 OAl23 SAgat - SA174 GA132 CAISS 0A197 0.0279 0A000 04069 04160 0.0064
84 GA790 0.1400 0.1010 0.3630 0.3030 0.4200 0.4750 - 0.4100 0.7230 0.7390 0.6660

'At each ra-mmvalues are scaled as in the ., ' with U, O (see Tables C-IV through C.Vil); that is for
W- I-7 and 11 13 units are negrams per square contieneser, and for locations 8-10 and I4 units are grams.

*2ero values i=iieme the obearved negative couer roses, which may reauk ihun -- - error when the amount of material
meessed is sma0 rotative to bachyound; blanks .alema that no value is available.r

=====r

Talde C-XV. Sinnmary cf Modeling Results for High-Airflow Experiment
with Ash

Me surement Estimated Holdup'
Ca=Ta===a Points' Mods? (s)

Glove box sides 1-2 6,(t) = 0 0

Glove bos floor 3-5 Sft) = 0.t466e 1.466

Vertical sepnent 6-7 S,(t) = 0.0207t 0.207

Fht elbow 8 6,(t) = 0.0197 0 035
+ 0.00I5

'
Segment between

elbows 9 6,(t) = 0.0024 0.024

Second elbow 10 Sft) = 0.0000 0.008

Horizontal
segment -11 13 6,(t) = 0.0056t 0.056

FBier. 14 6,(t) = 0.0622 0.707
+ 0.0000t8

N_
System total 1-14 6(t) = 0.0197 2.503

+ 0.2398:
+ 0.0000t8

System weight
losa 3.06

'See Fie. 6 for details.

'The fumetion G (t) represonas the estenseed beidup wkhin the indrvidualcomponent
when the throughput was a kilograms.

,

% = 10 kO.
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DATA FROM EXPERIMENTAL STUDY OF
"'- URANIUM HOLDUP IN A LIQUID-LIQUID

EXTRACTION PULSE COLUMNo

(Tables C-XVI and C-XVII)
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Table C XVI. Concentration Prof 9e Data

Emperimental Run 2A-3

Estraction/ Scrub Column f1 Al Striopirm_ Column fi-B5

Aqueous Or8anic Aqueous Or8anic
Sample' r == elan * Uranium' Uranium' Sampic' I.ocation' Uranium' Uranium *

A1 0.5 0.106 5.208 B1 0.5 1.487 0.561

A2 12.5 0.406 5.705 B-2 18.5 2.568 0.723

A-3 24.5 0.749 6.436 B-3 36.5 3.827 1.014

A-4 36.5 0.950 6.790 B-4 54.5 5.731 IJ53
A-5 48.5 0.965 6.888 B- 5 72J 6.732 1.561

A4 52.5 1.281 6.337 B4 90.5 8.021 I.854
A-7 64.5 0.736 5.598 B-7 104.5 8.805 2.011

A-8 75.5 0.251 2.767
A-9 88.5 0.110 0.840
A 10 105.5 0.066 0.287
A Il 129J 0.047 0.045

'See Fig. 20.

*The top of the working section corresponds to the value aero, and each stage has unk length.

% values given are in units of yams of uranium / stage.
_

Table C-XVII. Concentreten ProfDe Data

Esperimental Run 2D-2

Estraction/ Scrub Column fi Al Strimoina Column (1-B1

' Aqueous OrSonic Aqueous Organic
Sample' f ~=*w' Uranium' Uranium' Sample' I.acation' Uranium' Uranium'

' A. I 0.5 0.213 7.84i B-1 0.5 0.063 0.005

A2 12J I.057 8.525 B-2 18.5 0.084 0.006
'A-3 24J IJI2 9.131 B-3 36.5 0.397 0.016
A-4 36.5 1.743 9.570 B-4 54.5 5.089 0.474

- A-5 48.5 . 1.864 9J25 B-5 72.5 9J51 1.145

' A-6 52J . 2.354 9.412 B4 90.5 13.554 1.709

A-7 64J 2.323 9J28 B-7 - 104.5 15.253 1.953
A-8 76J -2.057 8.849
A-9 . 88.5 I.002 6.233
A-10 105.5 0.059 0.899

.' A II I29.5 0.008 0.059

*sne Fig. 20.

% sep of the working section corresponds to the value aero, and each stage has unit length.

% values given are la units of pams of uranium / stage.
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DATA FROM EXPERIMENTAL STUDY OF URANIUM HOLDUP.,

DURING ADU PRECIPITATION AND CALCINATION
(Tables C-XVIII through C-XXII)
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Table C-XVIII. Holdup of Uranium in the Precipitation Column

Throughput . Heidup Error 71roughput Holdup Error
(kg of U) (3 of U) (3 of U)* (kg of U) (3 of U) (3 of U)*

I 4.66 0.11 29 72.30 0.50
2 27.13 0.23 30 20.25 0.30
3 7.17 0.15 31 14.60 0.30
4 45.56 0.31 32 12.60 0.30
$ 12.90 0.21 [ Cleanout #1]

- -

6 7.93 0.17 33 8.23 0.25
7 7.00 0.16 34 6.82 0.23
8 10.23 0.20 35 8.12 0.26
9 33.29 0.29 36 9.82 0.23

10 17.84 0.27 37 7.63 0.25
II 22.07 0.28 38 7.98 0.26
12 23.28 0.32 39 8.25 0.27
13 28.17 0.35 40 8.82 0.27
14 64.63 0.46 [ Cleanout #2] - -

15 48.52 0 47 41 55.57 0.57
16 50.23 0.48 42 55.25 0.58
17 78.67 0.51 43 17.48 0.39
18 52.25 0.51 44 5.22 0.21
19 67.78 0.55 45 10.95 0.26
20 $2.29 0.50 46 10.45 0.29
21 -58.02 0.48 47 6.87 0.25
22 46.28 0.46 48 7.72 0.26
23 42.89 0.46 49 8.02 0.18
24 46.39 0.47 50 9.65 0.20
25 - 3I.90 0.46 5I 8.87 0.21
26 33.60 0.34 52 9.27 0.20
27 22.28 0J3 [Cleencut #3] - -

28 10.81 0.25

% errors reported here are cot.mang errors only.
~

TeWe C.XIX. Heidup of Uranhum in the FBier Fummois

Throaghput Holdup Error Throughput Heidup Error
(kg of U) (3 of U) (gofUP ' (kg of U) (3 of U) (3 of UP

I 2J2 0.01 27 10.40 0.04

2 4.32 OA2 28 4.36 0.03
1 6.01 0A2 29 9.74 0.04

4 7.13 0.02 30 7.22 0.04

5 13J2 0.04 31 12.15 0.03

6 12.03 OA3 32 5.92 0.05
,

7 16.II 0.04 33 8.99 0.05

8 13J0 0.04 34 7.13 0.06

9 16J4 0.04 35 . 8.01 0.05

10 15.02 0.04 36 8.84 0.05

Il 11.74 0.04 37 11.18 0.05

12 12J1 0.04 38 6.47 0.04

13 10.06 0.04 39 7.46 0.05

I4 9.23 0.03 40 5.26 0.04

15 10.24 0.04 41 9.99 0.06
16 10.21 0.04 42 8.24 0.05

17 10.91 0.04 43 9J4 0.05

IS 13.48 0.04 44 5.87 0.05

19 '2.40 0A4 45 7.29 0 05
20 a f.49 0.04 46 6.45 0.05

21 II A6 0.03 47 9.22 0.06
22 8.92 0.04 48 9.56 0.06

23 9.99 0.04 49 8.36 - C.04

24 IlJ4 0.04 50 6.48 0.04

25 7.22 0.04 5I 8.89 0.04>

26 10.33 0.04 32 10.11 0.04

% errors reported here are counting errors only.
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Table C.XX. Holdup of Uranien in the Calcimer

Throushput Holdup Error Throushpw Holdup Error
28 of U) (s of U) (8 of UP 98 of Ul (s of U) (8 of UP

I 0.07 0.01 27 1.17 0.01
2 0.30 0.01 28 1.11 0.01 ,

'3 0.64 0AI 29 1.17 0.02
4 0.67 04I 30 1.16 0.02
5. 0.66 0.01 38 1.20 0.02.

6 OJ7 0Al 32 1.25 OA2
7 IA0 04l 33 1.!! 0.02

I; 8 1.12 0.01 34 1.14 0.02
9 1.21 04l 35 1.16 0.02

'

10 3.19 0.01 36 1.18 0.02
II- 1.19 0.01 37 1.18 0.02
12 1.20 OAI 38 1.16 0.02

.' 13 1.15 0.01 39 1.18 0.02
14 1.18 0.01 40 1.15 0.02
13 1.30 0.08 di IJ8 0.02
15 ~ 1.24 0.01 42 1.38 0.02
17- 1.23 0.01 - 43 1.26 0.02
16 - I.21 0.01 44 1.34 0.02
19 1.20 0.01 45 1.41 0.02

, __
20 1.18 0.01 46 I.76 0.03

t_ ' 11 .l.18 0.01 47 1.48 0.02
''

' 2! 1.20 0.01 48 f.33 0.03
23 1.23 0.01 49 1.56 0.02
24 1.21 0.01 50 1.65 0.02
25 1.20 0.02 5I l.74 0.02
26 1.19 0.02 . 52 8.74 0.02

'The arrers reponed here are comedn8 errors only.

Table C.XXL Holds a of Ursalma in the Caisimer Troys

Thraushput ' deltsp Error Throushput _ Holdup Error

98 of U) 8 of U) ' (8 of UP 38 or U) (8 of u) (8 of UP

1 0.11 0.01 - 27 0A0 0.01 -

2 0.17 0.01 28 OA2 0Al
3 0.20 - 0.01 29 0.96 0.02
4 0.28 - 0.01 30 0.92 0.02

ft.J 5 0.30 041 31 0.98 0.02
-l. - 6 0.29 OAl 32 1.01 0.02

7 0.30 0.01 33 0.95 0.02

8 0.32 0.01 34 1.03 0.02
9 0.35 0.01 35 IA0 0.02

10 0.40 0.01 36' l.04 0A2
II 0.41 0.01 37 0.94 0.02
12 E41 0 01 38 IAI 042
13 0.38 0.01 39 1.02 0.02

'

- 14 0.43 0.01 40 1.04 0.02
15 0.4I 0.01 di 'l.17 0.02- - -

16 0.44 0.0I 42 1.11 0.02
17 0.45 0.01 43 1.12 0.03
18 0.53 0.01 44 1.25 043
19 0.66 0.02 45 I.09 0.03
20 0.57 0.01 46 1.08 0.03
21 0.56 0.01 47 1.14 0.03
22 0.60 0.01 48 1.58 0.03
23 0.56 0.01 49 1.30 0.02
24 0.64 0.0I 50 1.46 0.02
25 0.68 0.01 51 I.43 0.02 |
26 0.77 0.01 52 1.35 ' O.02

'The arrors reported here are countin8 errors only.

I
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Table C-XXIL Holdup of Uranium la the Dissolver Yeeest

Thmghput Haidup - Error Throughput Heidup Error

(k8 of U) (s or U) (s of UP (ks of U) (s of U) (s orur

.I 0.31 04 27 0.7I 0.01-

2 OA6 c.01 28 0.80 OAl
3 IJ2 0.01 29 0.M 0.08

4 - 0.92 0.01 30 0.58 0.01

5 0.01 0.01 31 1.13 0.02

0.84 0.01 32 0.80 0.01,
,

'7 IA2 0A1 33 0.77 0.02

8. 0.88 9.01 34 OJO 0.02

9 0.92 CAI 35 0.63 0.02

10 0.73 OAl 35 0.62 0.02

II 0.M 0.01 37 0.74 0.02

12 0.61' O.01 38 0.75 0.02

I) 0.86 0.01 39 0.77 0.02

14 0.85 OAI 40 0.86 0.02

IS - OJS 0.01 di 0.70 042
16 OJS 0.03 42 0.71 0.02

17 1.54 OA2 43 0.56 0.02

IS 0.74 0.01 44 0.70 0.02

19 0.70 0.01 45 0.74 0.02

20 0.71 0.01 46 0.68 0.02

21 0.74 0.01 47 IA3 0.02

22 0.62 OAI 48 0.98 0.02

23 0.60 0A1 49 0.98 0.02

24 0.88 0.01 30 0.90 0.02

25 1.36 0.02 SI 0.64 0.02

26 0.84 0.01 $2 0.73 0.02

'rhe errors aposW here are coundag errors only.
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DATA FROM EXPERIMENTAL STUDY OF
p URANIUM HOLDUP IN SOLUTION LOOPS
% (Tables C-XXIII through C-XXVII)
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TABLE C.XXill. Desa from Solution leap EW - CPVC toop, Low Flow Rats

J .

lacesion*

ltuumshput 101 102 103 104 105 106 107 108 109

- (tes u) (s) (s) (s) W=) (s) (s/m) (s) Wei (s)

p ;- - SAIS 0.98 0.01 ' O.02 OAS 0.01 042 0.01 0.01 0A0
1.29$ 9.70 0.16 0 49 OJS 0.20 0.13 0.12 OAS 0.14

'

4.106 ~ - 15J7. RIO 048 OA7 0.86 0.II 0.10 0.06 0.13
'

9309 24.19 &ls 0.35 0.46 0.15 0.13 0.10 0.09 0.86
14.262 24.89 ' E09 E30 0A9 0.13 0.09 0.II 0.06 0.17

'
2&Ie4 26.78 0.25 OA4 OA7 0.13 0.10 0.13 0.15 0.16
24A22 ' 3 TAD 0.25 OJS 035 0.12 CLl? 0.12 0.14 0.12
2 & 920 37.91 0.26 0.31 0JI 0.18 0.13 0.13 0.06 0.11

34.104 38.29 - 0.23 - 0.29 0.48 0.11 0.15 0.11 0.15 0.11

48LI29 ' '40.18 0.27 OA6- 0.50 0.22 0.15 0.15 0.13 0.11
r ' 42.490 ' 34JI 0.30 0.31 0.27 0.!! OAS 0.12 0.15 0.12

_. lacesion*

Throughput lie lit 112 113 114 115 116 117

Vi - (hde U) W (3) . (g) Wm) (g) (g) (g) (g)

0.018 0.00 0.01 041 0A2 0.00 0.01 0.01 0.00
1.295 ' O.09 0.23 ~ 0.29 0.53 0.22 0.69 0.23 0.66

'

4.106 ' O.09 0.24 0.30 0.68 0.21 0.77 0.25 0.65
,9309- - 0.09 &l9 . 0.26 & 70 0.19 0.58 0.25 0.00

' ^
: 14.262 , CAD. 0.16 ~ 0.29 0.69 - 0.19 OA2 0.24 0.78

: 28L194 0.10 -~ &l6 0.30 0.71 0.19 - 0.44 0.23 0.78
- 24A22 - GLII - 0.15 0.28 0.72 0.19 0.63 0.23 0.67

28.920 ' O.l t ' ' O.13 SL23 045 0.20 0A5 0.24 0.84
' '

- 34.184 - 0.10 OJ7. 0.27 0.41 - 0.18 OAl 0.30 ' O.70'

[, 4 & I29 0.22 0.15 0.2( 036 - 0.20 0.58 0.23 0.62
. .'42A90. Stil 0.16 ' O.22 049' O.17 0.S$ 0.20 C.78r e

c

,
|*SeeF447.-

q ~ TABLE C. XXIV.: Dess Oom Selmalem 1 mop Esperhammes: CPVC Imap. lesh Plow Rase

b
,

[---
'

. . , Imeadon':

Throughput '301- 102 103 104 105 106 - 107 108 109

- (beg U) - (g) . (g) (g) (3/m) ' (g) (s/m) - (s) - (shm) - (s)

9( . 42A10 - - 836 ' &l0 &24 0.36 0.12 ' O.10 . 0A9 : 0.04 C.11
.. q. .

47A36 10J4 - - OAO 0.29 . 0.34 0.12 0.13 : 0.06 0.09 OAS' ' > -

_ .J ! 59.368 83Al' E10 0A8 - 0.34 0.10 ' O.07 OA7 0.09 OAO

- 0.11 SAS OJi 0.10 0.09 0.05 &O9 0.0648.354 17J6 '

,1, h
~

79J86 - '30Je 'OA7 Slid = SJS ' ' O.it 0.11 ' OAO ~ OA3 OAS

98.567 .IlJ2 GL12 047 - OJ9 0.11 OLl3 0A0 0A7 049
9tJ$$ .1& 92 046 0.10 -SA2 0.12 0.14 0.04 0.06 0.06

g,,,g,, -

' Throughput 110 . til . 113' 313 184 11$ 116 117s

(nde U) - (81 (s) (s) ' (Shn) W W- (s) (s)

- 42A10 - SAS- 0.13 0.19 044 . 0.I$ ~OAO . 0.28 0A0
s " < .47A36- te$ t.13 0.19 0.28 0.14 OA7 OA7: 0 63
[ ' 39.568 - 046 0.11 0.30 ' OAS - - 0.14 ~ OJi 0.20 . 042

68.354 : 844 ^ 0.I3 OL22 - 043 0.18 0.93 0.18 0.73 .i
,

79306 046 0.13 ~ '0.22 0.54 0.16 0.88 0.18 0.90p
' 08J47 - 0.88 SLI) SL20 SA3 0.22 0.99 0.20 0.93

M 9tJS$ SAS 0.13 0.18 0.52 - GLl? 0J3 ' O.l? 0.87

. " Sun F4 47.j-
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TABLE C XXV. Data toen tahmia= Loop Esportesets Stamhss 5tosi Leop, law Flow Rate

IAcetion*

Throughput 1 2 3 4 5 6 7 8 9

(Ms U) (s) (s) (s) Wm) (s) (s/m) (s) (s/m) (s)

0A73 1.63 0.40 0.58 0.16 0.54 2J5 0.08 0.11 0.06
2.321 4A0 0.28 1.19 0.28 0.43 IJi 0.10 0.15 OA6
3.764 7.90 0.28 0.65 0.04 0.45 1.41 0Jt*1 0.11 0.07
9.343 SJ2 0.23 OJ7 OA0 0.44 IJ5 0.36 0.01 0.10

14.651 , 7.73 0.22 0.58 0.I4 0.44 IJ6 0.07 0.10 0.I2
18.633 10.32 0.26 0.67 0.13 0.44 I.73 0A9 0.3I 0.14
24.049 10.20 0.19 0.10 0.23 0.46 1.63 0.11 0.18 0.14
27.646 7Al 0.28 8.34 0.26 OA4 LS8 0A9 0.14 0.12
32Al7 7.21 0.16 0.65 0.21 0.46 1.66 0.10 0.20 0.13
36A41 8.30 0.23 0.77 0.03 0.44 IJS 0.I0 0.16 0.13
41.187 12.57 (LI7 0.67 (LI3 0.47 1.72 0.08 0.13 0.11

E nem*
Throughput 30 il 12 13 14 15 16 17

(his U) (s) (s) (s) (s/m) (s) (s) (s) (s)

0.073 OAS 0.04 0.04 0.17 0.03 - 0.10 047 0.25
2.321 0.08 0.14 0.06 0.12 0A2 0.17 0.04 0.15
5.764 - 0.06 0.07 0.11 0.21 043 0.09 0.00 0.27
9.343 0.05 0.06 0.08 0.28 0.05 0.36 0.06 0.20

14.651 0.08 OA7 0.09 0.37 0.06 0.37 0.06 0.28
18.633 0.09 0.07 0.00 0.30 0.05 0.40 045 0.20
24.049 0.10 0.04 0.09 0.30 0A4 0.31 0.06 0.25
27A46 0.09 0.05 0.C7 0.26 0.04 0.36 0.07 0.27
32AI7 0.10 047 0.09 0.23 0.04 (L38 0.06 0.24
36.448 0.10 0.06 0.00 0.26 0.04 OJS 0.06 0JO
41.187 0.09 045 0.05 0.24 OA4 0.37 0.06 0.38

*Ese Fq's. 46.
as

Data ham SolutQ1 mop Emperkmets tah'Stesiloop.High Flow RaseTABLE C.XXVL

i esa.*

Throughput i 2 3 4 5 6 7 8 9
Ms U) (s) (s) (s) (shn) (s) (s/=) (s) Wm) (s)

;;. 41.237 7J3 0.27 0.44 0.07 0.43 1.49 0A4 0.12 0.08
46.942 9.53 0.21 0.89 0.16 0A9 1.72 0.10 0.19 0.13
59ASI 8.74 0.19 141 0.15 0.49 1.67 0.08 OA9 0.11
68.971 7.14 0.23 1.04 0.11 0A7 1.72 0.09 0.12 0.16
81J12 8.27 0.21 0.96 0.18 0Ji 2.s0 0.09 0.14 0.17
90A29 10.18 0.11 0.72 OAS 0.51 IA3 0.10 0.17 0.18

100473 9.21 0.16 0.78 0.03 OJ3 IA0 0.11 0.16 0.!6

location *,

Throu8hput 10 11 12 13 14 15 16 17

(Ms U) (s) (s) (s) (s/m) (s) (s) (s) (s)

41.237 0.07 0.05 0.07 0.26 0.03 0.15 0.06 - 0.27
46.942 0.10 0.05 0.06 0.20 0.03 0.25 0.07 0.29
59A81 0.08 045 0.07 0.27 0.04 0.38 047 0.30
48.971 049 OA7 0.06 0.22 0.03 0.46 0.11 0.38
SlJI2 0.10 OA6 0.08 0.30 0.05 0.50 0.12 OA3
90429 0.11 0.08 0.CJ 0.23 OAS 0.41 0.15 0.62

100.673 OA9 0.08 0.12 0.50 049 0.38 0.14 OJ2

"Ess Fis. 46.
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Tabis C-XXVIL Heidup sh hr Each Measurunent IAcetion et the
g[ Ch of the Esportment

IAw Flow Race Himb Flow Rase

lesesion' 55 CPVC Diffarouse 55 CPVC Difrerence

2/102 0.17 0.30 4 13 0.16 046 0.10
- 3/103 0.67 0Ji 0J6 0.78 0.17 0.61

#104 0.12 0J2 4 20 0.04 0.41 -0.37
5/10$ 0.47 0.12 OJ6 0J3 0.12 0J9
# 106 1.69 0.09 1.60 141 0.14 1.67
7/107 0.08 - 0.12 4 04 0.11 0.04 047
W100 El4 0.13 4 01 0.16 0.06 0.10
9/199 0.11 0.12 -4A1 0.16 0.06 0.10

IWil0 0.09 0.12 4 03 0.09 045 0.04
11/181 045 0.I6 All OAS 0.13 -0.05
12/112 0.05 0.23 4 15 C.12 0.18 -0.06

' 13/113 0 24 0.71 -0.47 0.46 0.56 -0.10
8 # 114 4.04 0.17 4 13 0.09 0.17 -0.00
15/l!$ 0J7 0J5 4 18 0.38 0.34 0.04
l#I16 0.06 0.20 -0.14 0.14 0.17 -0.03
17/187 0Ji 0.77 4 46 0J2 047 4 35
% are in pasms of eremium essupt for ee pipes, womre heidup is empressed in
yams of uranium per mener of pipe, as bassasd b Fiss. 4940.

*Ese PW 46 and 47.
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