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Simulation and A nalysis of Plutonlum Reprocessing Plant Data*

Tom Burr, Alton Coulter, und Larry Wangen
Safoguards Sy stemis Group, MS [T%41, L.on Alumos National Laboratory
Los Alumos, NM 87548

Abstraot

It will be ditficult for large Guwouphput reprovessing
plants to meet Intermational Atomic linergy Agency
(JAHA) detecucn goals tor protracied diversivg of plu-
tonium by matenals accounting alone. Therofure, the
LAEA 15 considering supplementing trchtional mudonial
halance analysis with analysin of solution monitoring
dat (freguent * napshds uf such solution paramotors as
level, donmty, and temperaturo for all major proocss ves-
sols). Analysis of sojulion monitonng data will onhanco
safojuards by improving anomaly dutection and rosolu-
tion, maintaining continully of knowledpe, und validat.
ing and improving muusurement ertor madela. Howeser,
there are costs abocialed with acceaving and analyzing
the data. To mimmize thesa costs, analysm mothads
shuuld be as complete ax pasaible, simiple o0 implement.
und require little hainan eflort, Ax u step Woward that
goal. we have implemented simplo unalysia mathwda for
use In an “afl-ling™ nituation. These methods vse solu-
uon lovel o recognide majr 1ank activities, sauch a4
tank-to-lank teansfers and sampling In this papor we
deacriba their application to realistic simulated data (the
ncthods were developed by using th real and simu.
latud data), and we prasant sonk Quantituble benetits ot
solufion monilofing.

1. Introduetion

‘I'he 1dew of using provany data tram the faciity opytator
tur salcRuards purpuscs has heen advocatud by sume (o
a number of years.! lor naleguards pumoses, we Jotine
yolution monitoring ws the esseatialiy cemtinuous ment

ey of the lesel, demity, and temperature of sululions
i1 all tunks 1n the process thet contan, of could contuen,
vpektands signipeant guantiies of Rucledr smttonal.
| hest imeasurvinents should de atbenticuted and inde

pendentiy seriniad,

W Tas e deseliged amd evalustes] methnads b anals ing
solobion netnbotng data wider the fulloding assimp-
g
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*  e¢iwch 1ank 18 equipped with pressure-measure-
ment dip tubes that provede a density (D) and
tevel ([.) mensurement,

*  temperature (T in alvo meusured;

¢ (L.D.T) data wra recorded froquondy (qwery 1 .S
minutes) for all key waks thit contain or vould
contnn & significant ameunt of Pu:

s the volume (V) is obtained (rom the 1. meas-
urementa viu & tank calibration provedure; and

*  tha Py concentrution is monyured, either in.ling
or pericdically tovery week or s0) off - line.

Thiv paper is organized as follows: Section 2 desuribes
vur upproach w the umulation and usatyws of salutson
monitonng date. Scction V gives a briel’ descnption of
our vimulation and nnalysis sofiware. Section 4 uaplains
the yuantitiable benelits of' solution momtonng, end
Section $ i 8 summary,
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heght smule the mnk F odutom foorl il
hetow the Heavies Prossure it taln sdynan
mevoement o avetluble The apsanadion o
hotwoon the Doty 1'teasare dip tudn amd the
Tovad oo vaaatre sipy tude oo biomn,



2, Solution Monitoring

2.1 Data Analyzed

We simulated 18 days of continuous monitoring in a
hypothetical PURAX roprocessing plant (simulation
derails are 1 Secuon N), We conardor hero only the frst
Gwed tanks, 0 simphify the preseatation. The first 25
hwours of duta for thess tanks is plotted in Fig. 2, and a
sitnplified prucexs diagram ix given in Fig. J.

2.2 Approach

We have developed algorithma to andly s walution mwns
itoring Jata and algordthms 1o imploment computer.
aided manual investigation to confim some of our
1exulia, We have convontrated on finding ond clasmifying
all tank eveuls that invelve the movement of auclear
nuterial, e.g , sampling and iransfer evemts. The (1D, T
duta wete recorded in every vewiel at approximately
Sminate Intervals Ot analysm assumes that the basi:
Medswe readings have been collected and trinnsformel
to (L1 amd volume (V).

The main taee algonthms, which are demigned to
(1) tind all wnk evonts, (2) classifly il lunk evemts, and
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{4) pertorm consistency checks on all tank evonts, aro as
tollows:

* ‘the Kvents Finder module identtfive a signiti
cant change n an L measuwrenwnpt us an
unspecitied “event” and finds the approximate
start and stop point of that “evenal.”

‘The Events Classitivr module classilies the
ovents found by Hvenis Finder by comparing
the I. bohavior to 4 small libeary of recognized
L. hehaviors. Hor oxample, sampling events
should wxhibit a modest deop i 1., tnllowed
within about M) minutes by a retum to nearly
the ariginal L.

The Events Reconcller ixdule teley o revom
cile wuwch event with un woompanying cvent,
eilher in the sume tunk (for sumpling evems in
in ununbier wok tior wansfern) For exumple, the
reconciber will siempt to find the recoiver tank
for esch “ship-twnh” event. The volyme o
muny (mass = Vo« D) shipper teceiver differ-

eice should nit evceed  some  tunible
tHueslld
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Fug. 4. Flow diagram of mawa process arcd at Feprocessing plani.

We have wnuten these mndules 1o have both generw and
faciliry -specilic femures We une hoth genern “change-
detectinn®” methods and (acilhy-specitic threshold val

nes for event durmions and volume or maw lovses

2.2.1 The Bvents Finder Module

IMe Events linder module 15 designed to find shiort term
changes in level, such as would oecur dunng a sampling
Of transter event, ‘The (nan steps tollowed by the curreat
mwdule are the tollowing:

1. On e bavin of previous valueis), tlorecast Uw
cunient L value (the ditferenc. between the
current vajue and the torecast 15 the current
BRROR),

2. Compure the KKROR with uver dulined thitesh.
Hds o dererming whether the change s sulfi-
«tent 1 signal an evem

I an event ogcurs, determine the st tine
cund daty peant indes) of the event,

A Lemning the dtap tme cang dats proint indes)
ol the event

We have sther seraeny of e Rygnt. Binder e tule tha
vl ulate, 1 additesn, o ranmlnts ¢ s of PRROPS Ly

evanis thut ocour more slowly But bevhuse all vl v
leitimute events cunrently invove only abrupt chunges,
we i Aot present here any detul about theve uther ver
sienw, Inwend, duning eawch non-event Jdata section, we
apply u vingle tandamtinl check for any slow ¢--~npes
during that seciion. Both the sttt und slop tnws of an
cvent may e determined by different crivena, o g . wue
cessive L changes that we small or n sigitivant change
in slope  The primary oupue of Bvems Finder o an
“evonts Ble” for each ok, which contmny informann
ahaout gvents « fahie | show an example fiv the tire few
Fank | sveniyy Civen a lupher resolutin ph, the om
e Al elintes well plentitied st and siop il es
ton ewch event

2.2.2 The Bvents Ciassifier Module

The Bvents Clasfier msbile sempis s ooz
telanualyr cawh event foumd by Broent bander By comgun
iy the Jurmtoem o the @sent and dw change mievel wih
whit winph) he qg vl comy b Baaga ool hiengeson ally
abwepverd changes or on psess i sheetan o e h
booned oof ovennt Bent e e tanh Fes v vt 1o b
v iy lassitond lwere s b cimogg't cyenence



with {or data on) similar events for rules to be con-
structed 10 characterize the event. For example, transters
from Tank 1 (o0 Tank 2 mught be known o always
mvolve approximately 6500 L. but the expected
transter-volume range around 6500 L should also be
used in the rules. This module. then, is ¢ssennally a pat-
tern classifier that uses an “expert system™ approach
based on historically observed events. Events currently
recopnized by Events Classttier are stupments, receipts.,
shipments to sample, receipts from sample, and
unknown. “Shipment” and “receipt” reter to transters to
and from other Wnks or to and from the plant. Events
Classttier adds an "Event Class™ column to the data set
produced. ax shown in Table 1. As our understanding
evolves and i hustoncal datbase ot solution monitoring
mformation becumnes available, rher events can he
added to the Find and Classily modules. such as mix
g, sparging, evaporation, and chemecal adjustiments,

2.2.3 The Eventa Reconciler Module

Tho Cvents Reconciler module processes each event
fuund by BEveats Finder and cdassitied by Eveuts Classi-
tier and attemipts to tind another event with which it will
be consistent, or reeonciled. Recunciliation is tised un
us.~defined allowed emvars in masses (or volumes)
shupped uy compared o those recened. 1 assumed
that these errors are related to how well we measure the
levels, densities, and volumes, Transfors and sampling
cvents can be reconciled on the basis of either nass
ot volume. ‘To reeoneile one cvent with another, the
madule must tind that both ok plave within o speciticd
time interval. Given approprivte assumplions and his-
1ry, levels could alao be used as o Yamis Tul reconailia-
ton, I an event cannot be teconviied, it o flagged as
sush for investigation by the inapector The teturn value
from the Cvents Recondiler module for o given event

may bw True, False, or Possible. In Tuble 1, all events are
reconctied, 5o the entry trom the Lvents Reconciler
module is True. (“Possible” would mdicate that another
event oceurred within the specified time window but the
masses or volumes of the two events did not agree
within the specitied limuts —although they did agree
within somewhat larger limits.) Whenever an event s
reconciled, Events Reconciler also adentities the athar
event (and the other tank; see Othertank column in
Table 1) with whuch thus event was reconciled ond pro-
vides information on the volumes and/or masses trans-
terred, 50 that records of differences,  including
cumulative difterences, can he kept. Such information
can be used tor evaluation of tank culibrations and pipe
holdup tpipe holdup 1s matertat that remainy in the pipes
that connect the tanks),

To chech ovur tesults, we use interactive gruphics 1o
“manually™ find and clossify wll wak evens: we then
compite those results with the resultn of Event Find,
Eivent Clasaily, and Evem, Recongile.

3. Software Implementation
and Functionality

Simalated Lotor V) data are avislable trom functions
within our tulkit. More detalled simolated data that
accutately depiet 1) and Taee avarluble from the mata
tion vude PacSim

3.1 Program FaoSim for Simulation

Qur work was based on a design 1oF a reprocessity plant
living o thioughput capacits of 3 mettic tans of ura
o per day. We considered only the part at the faetlity
from the teed tank tor the iput sccountabilny tink

TADLFE 1. TABLE 1, The Flist 8 Events Found by Vvents Floder Module for Touk 1

T R .
! Kvent. | Index, [Indox. Time. Time, Kvent. | Event. |  Other,
4 Q . [ ] ] 0 . .
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(IAT) through the output accountability tank. This pro-
<es3 area comprises several tanks. a codecontamination/
separation cycle. two purification cycles, and an evapo-
rator (sce Fig. J). Because the design hax relatively lew
tanks amd the output accountability tank is emplied
frequently. the process area haw a rather wmall in-
process plutonium inventory for a facility having this
twoughput,

Operation of the design facility was simulated by means
of the Safeguards Systems Group's program tacSim.
FacSim u a continuous/discrete-cvent simulation pro-
gram developed for evaluuting provesa: and matenals-
accounting oporations at facilitics that handle nuclear
matcrial. It 13 facility-independent, wnitten 1n C++. and
aperates on M PC compatible computers. We hawo
previously reported on other FacSim applications (for
cxumple, sc¢ Refs, 2-4),

The vperation of the facility is determined by a serics of
discrete events—namely, the initiation and termination
of flows through pipes. Between these discrete events,
the system ¢volves continuously in a wiy determined by
u complex set of hydiodynamic and chemical processes.
In the vimulation it is sssumed that mixing in 1anky is
efMicient, so thit n wnh's outputl concentrstiony of soly-
tivn constituents 4 the surme ax the mnk's iInstantaneous
wverige concenirutions of those constituents. In wikdi-
tiemy, i asmamed it the outpul concentistiom f
pubsed columns are proportional to their instuntaneuy
aveihge concentstiom, with propuortionnllly constsan
that depend on u column’s function, This gesumption
allows the evolitlon of tie comete of process veswels o
b Jeseribed by systems of wdingy differentlal cogua-
tivas Finally, it w woumed it o pipe’s ougput comeen-
ntions are equal 10 it {nput conventrstione ot the time
the mmennl entercd the pipe, This aswnguion intas
dikces i time ponJuenliny into the equations descnbang
the sysietn, but one thit con e ticuted farly simply by
sus g Dibstogles of diTeremtial e inion selutoms

Anomaly detection in PURLEN provcesses by camplicated
hy the tact that lurd volumes otien are aot conserved in
Howe theouph piper and theougsh veasels. This 1s becaupe
wteanv/air jets usewd tor transiers can incrense/decreuse
the volumie o1 Huwd wanaferred. and because solubion
volumea ate tonhinear tunctions of the Juantity of
welute. 1hese eftects are laken 1ato gecount, o gn e
Quate onlent, in the <anuiation,

Opwratiom ol the Jenign T dliny wan sumulatedd b a
petnal ol 18 dave, bepinming with prepacation o} the
pribsed Cogmns byt o mickal matenosls an the peaces

‘Ihe evapnwalor inventury reached approumate equihb-
rivm 1n less than 4 days. The lust 10 days of the simu-
Intedd operation were used fon the «olution-monitanag
stinlles; during thix period of “steady-state™ operation,
the total insprovess plutonium inventory vanes between
about 100 und 160 kg of plutonium (depending on the
phase of the inpuvoupan cycle), about 7 wr 12 kg ot
which is in pipei.

3.2 8-PLUS Toolkit for Analysis

Our toalkit is written 1a S-PLUS, an object-oriented sta-
tistical and graphical programming langunge. We have
working versions for hath UNIX work stations and fur
PCs with Windows 3.1, 3.11, 94, wr NT Only the UNIX
and Windows 3 1] veruons have heen tested. Bevause
we anginally planned to unplement the toolkit in ¢+,
we do have some C++ clanses designed that could be
uscd at some later stage. Qur toolkit i» “better than we
necd for inshouse use™ but not yot availahle fir gencral
ne.’ The “driver” menu, called roadminpi), is shuwn in
Fig. 4 (the () notation indicates that cowdinapd) is an
S:PLAS functivn) The rowdinapt) subinenu item “spe-
vialized analysea™ s shown in Fig S, We use the “sid”
chotee to estimate stupper-receiver Jileiences (SR
for cach tank to tunk tranafer (ur the analyses given 1n
Scetion 4. The three modules described 1n Section 2 are
undur the rosdmap() aubtnenu “preliminary analyses”

4. Quantifiable Benefits of
Solution Monitoring

There ure muny proposed benctits of salution memtae
ing from a safeguards perspective, M but heee we diuss
only sume of the quantiiuble benefis.

. partiully validate measurement srmur inixdels ot
8 lage matenals balanve (MB) oveury, we do
fwl wa Lo queation whether g, U Wlicw
retval sandard  deviauon o1 the MB  that
includes all aources of neasuteiment emer- v
umderstated. We show 10 Rel. & thut <clutton
mopitonng can provide comiaderadie assurange
thot mensutement ertar mnadsis are acceprable;
thersfore, provuded the vutiam e propapation w
dope verpec iy, the estimute af o \H shvosht by
histe sl
et e Quality o edsuren-ens,
Vo udepnaty all aored evepts diectine the sodation

corine i a tank sech s oo e spap-ae,
G ot sed attempl Wweoeciae beds g vank
cobibntions dwaehy elacg oy which
inprones los e tes o padainhity aul
eatpttate buoldbups on prga s betwaan anks
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One henetit of weaufying vach tank-to ik ttunster i
that ¢ach tank vuan bo treated e g sub MUA (Muienal
balince arca). ‘That allows us o Jdo several things,
including (1 Jistinguish between a mnlivncticn th the
i asurement equpiment and an actuad imaterial loss and
(a1 dy Blag vortecniom.”

Cuns abeiection proliabiliy is lughen it a los occt e
iy o Lk s ol e Than o o acoaes duomg o tank s
Wbl dnales econse during, war anafes, we need
detent o Jdinge only i vodue s s (B} TN TIT
ity od e vedume or innse mcasurement swill canee
W ailbade w ribe foss detecuon durine ‘Lank 1o Tank 2

Fig. 5. The “specialized analvses™ submenu of roadmapy ).

truniferi. lor amplicity, we wall Conader oo mtanng
unly o sulume luss toee Rel. b tor tuther Setail .

Here s atypoeal erton wenb o the Valiene SR duuing
A Tank - LBk -2 et

.\-Rl), - ‘-J \.l' .
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where ¥y =V e the ue cclue stupped By Tad |
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errorl for Tank 2, and similarly for the Thnk 2 erors.
Note that we usc a simplificd model that assumes the
absolule errors are proportional W the tru.: volumes and
that Vyr is the same for all shipmenia. We also assuine

that all measurement ervors are approximately normally
dismbuted.

Tle wituation we copsider is ax follows: assume wo have
Appevious ShipMents (at least 1) from Tank 1 10 Tenk 2
that arc known to have zero true volume lass. Those pre-
vicus shipments can be used to bias-correct all future
shipments during the calibration period because gyy,
and Eyyn arc atsumed to be conatant during the callbra-
tion period.

We denote the blas-corrected  valume  difference
batween ¥, ; and 1"y ; as SKb), . The obvious bias
vorection is the average SRD during the Mppn g, ship-
ments, say SRD . . If we wiil an cimor mode! for

SRD

Mev *

SRD prev = Vir 2 leysy 12=Fyg) +evm - by 42)

we see that if we let SR-I)‘ " SRI.),-.S'I'\'T),,,,,. then

the systempatic errors would exactly cance! if
Fypi =fvry ™ 0. Unfortunately, we can expeet only

.h' tvkl -t‘;Rz '-U m

Fyext “Cyga- N(O.(ozvm +o’wmm,.,,,s (mor-

mu) with inesn 0 and apecified vurlance). Theretore,
the systemutle errurn only nppronimately cuncel,
lewving s with w new exthinate of the systemuatic eenre

b

varlunce equal to (o"vn ' a vnn.'ul,,". in con-

cism, af we let .\'R.I)' = SRD, -.\'kllp,". hen vre

random error vananée will be the rume ax that for the
unsbiiaseycarected SRID,  and the systematic ertor van-

ance will epethups surprivingly!y be detenmined by the
tundenn error venamee sted the number of previoes ship
wients that wre kvoawn 1o have zero sobime Cuente Rel
ergnee T has examples of bus cortections acl as fose
given bere vamd o enample s Qightly diftereat frim
ot 1n Rel 74

Next, we will presont a non-bias-corrected and a hias-
vorrected approach. Assume that we monitos the Tank- §-
to-Tank-2 shipments for cumulative (over | year)
volumes,

Case l: Nv Bias Correction
It is simple to show that the cumnuldive (annuall
measurement-error standard devision i»

GAV. cumulative *

.
T
de‘“lx J(cs 1 “R' ";h.pm:n“, [ (1)

where Voo, is lle intal true volume shipped duning

bl
the vear, G'c Is Uw total systematic crior variame (s

of violume memsurcment aystemmtic eiror vanances (o

both Tank 1 and Tank 2). and simulasly foc o T the

Tank-1-to-Tank.2 transfers (450 wansiers w 0500 Liyr
having a Pu concentration of 3gd. tor un annual
theoughput of appmumately K800 kg of Puy, Tiy. 1
BIVCE Or v pmulanie ™ 9141.0 L. Given the Py concen.
tration of 3 g/l the vojumk neaded ta accumulate | 8@
15 Vaerded = (SOMcunc) 3 8OO - 2067 1.
Therelore, the needed volume is only ol | 55
OAvs umudanire:Whith incans we cannot detect u luan of
this volume with sufficiently farge probability—-
because to detect u loss of 1 SQ with a 0.95 detection
probabllity and 0.08 fulse alarm probabllity, the
oesdod volume Is 3.13 2 Oyviumuum. (We have
applied the conservative Ronfervonl correction to
take multiple testing Into mccount; we need w preoe
SRD fulae wlarm prubability of 0.08/4%0), Here, (1w
detection piodability moonly 003,

Cuse J. Bas Correction

‘Tu Jo n bias currection. the “catch’ 12 that we must have
4l least one shipmient trom ‘lank | (o Lank 2 tor which
we know there wias no Gue volume change Vor the
niethnd to he eflective 10 reducing the cumulaine
measurement-rra standard deviation, we qeautne 'm
shipments (2} 4 Jays of shipments and sone siypiment per
6 28 hogisr ror Tank | o Tank 2t ue buown o
have no ue volutne foss Then b vl gpsplies g
with the syutcmntiy eior e gual B e NOARY 1 e
thany ¥ - AL g PRIC LY PP AT I
thre way, ‘.nn.la.l SRR L N Y SR el the et
(T |\|-|I-|-h|l||_\ i bttt Lo O8% 47 vt MIVA v ol



‘Tank | and Vank 2. If the MBA includes Tank 3 as well,
1 s slighily more difficult w predict whether bias cor-
rection is & good idea, as we explain below.

More hmi-detection results, for several loss scenanion,
are providkd in Ref 5. As always, abrupt losses are
canier W detect than protracied losses—and are caxier
still if we use solution monitoring duta. One imponiant
isaue Unit we will nt adudreas here is tho role of maierial
(holdup) in the pipex that connext the tanks. [t ix best for
ot detection if holdup quickly increases to # quasi-
oyuilibsium value and then fuctuates randomly aroumd
thik value with soine modest (10%. relutive) standard
duviation. Another impurtant insue is thut tank transfers
from Tank 2 to Tunk 3 are more challenging because
“Tunk 3 operates in batch receipt, continuous ship mode
{RX), For example. the measnrement uncertainty for
the amount received by Tunk 3 must include the uncer-
tainty in our estimate of the amount that Tank 3 shipped
during its receipt from Tunk 2. For our 18 days of  sim-
ulsted cula, tho standund deviation of the Tok-1-10-
Tank-2 shipments in 7.9 (theoretical is 9.2), and fur the
Tank 2-to-Tank ) shipments it is 10.3 (theorstival is 9.2
plus a hatd-to-quantify amount to allow for our methad
of vslimating the amount shipped by Tauk 3 during its
receipta). We would thorefore use 3.5 47922771, u
our threshold volume SRD for transfers from Tank | w
Tank 2 and 36.4 L. for ransfer from Tunk 2 (o Tank 3 10
monitor future transfers (using 0.05450 false alarm
prohability) fur luss. These volume threshiolds cogre-
spond o ahout 83 g and 109 g, respectively, of Pu.
Using those thresludds, we can detect abrupt lossey of
27.7, 854, and RV.U L (une, twa, il thiree times the
threshald value) with prohabilities of 0.50, O.Rd, and
0.97, weapectively.

5. Summary

We are stiongly in lavor of using solution montaring
data 1o enhance auteguurds. We have hogun to aseinble
analysis methods 1nto & toulkit (intended (or inshouse
uac at Uus stage). Our sunulation und analysis approach
provided ang hias-carrection cxunple that caplained to
what oxtent b corroctions might reduce Osp o
cach tunk to-lunk truasfer, and ultimately, tor @y, for
e chure MBA. 1t the MBA 15 Tank | und ‘Tunk . doany
biay ¢yrected MBs 6 very atwactive i the MUA
weludes Tank &, it s dittioult to predict how well we can
bras.correct the Jank-2-to- lank-\ <hipments because
lank ! operates 1n BFC mode: the tandom error ot our
estithated valume SRD therefore increases, s does the
assteene ereey aF pur bingacotieeted SRD Further, b

currections are possible only it we know that some rea-
xonable number of transfers have zero volume lows
There is at least one other bamer tor reducing 0,
pipe holdup betweon tanks. Finally, our work docs aot
conuradict Ref. ¥. which concludes that there 15 no
advantage in terms uf protrasted lass detegtion in clos-
inR MBs frequently or around individual tarks. Our
Tank -!-to-Tunk-2 example 1n the “no-biaw-comection”
case could have reiterated the Ref. | result. The "bras-
comrection” case was aut considercd in Ref. 8,
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