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SUMMARY 

At the request of the U.S . Nuclear Regulatory Commission (NRC) Staff, 
Pacific Northwest Laboratory (PNL) performed radiological measurements in the 
Three Mile Island Nuclear Station, Unit 2 (TMI-2) facility to verify the 
remaining fuel quantities. The goals of the fuel verification measurements 
were : 1) to provide information regarding the quantity of fuel remair.ing in 
the TMI-2 facility during the post-defueling monitored storage period proposed 
by the licensee and 2) to ensure that the possibility of an inadvertent 
criticality was precluded for both routine conditions and conditions involving 
the accidental shifting or movement of fuel . To achieve these goals, the PNL 
measurement program attempted to determine a precisely measured value for the 
rema1n1ng fuel debris . In contrast. the licensee's measurement program 
attempted to ensure that the quanttty of fuel was not underesti mated . 

The measurements were performed by PilL on August 27-30, 1990. 

Measurements were obtained in five cubicles in the Auxiliary and Fuel Handling 
Buildings (AFHB) . In addition, measurements of four incore instrument guide 
tube (IIGT) bundles were obtained in the reactor building. In all cases, the 
PNL measurements were conducted using an intrinsic germanium detector to 
measure the photon flux from 154Eu, a known fuel analog. Fuel quantity was 
det~rmined from the measured flux values using a computer code and a 
predetermined 154Eu-to -fuel ratio. A comparison of the fuel quantities 
estimated independently by PilL and the licensee, GPU Nuclear Corporation 
(GPU), is provided in Table S.l . 

Based on the results of the measurements performed by PNL, it can be 
concluded that the licensee's analysis methodology generally ensured a 
conservative fuel estimate. In all but one location, the licensee's estimates 
of the fuel quantities were higher than the PNL central estimates. The single 
exception was Incore Instrument Guide Tube Bundle 7; however, the licensee's 
estimate of fuel remaining in lncore Instrument Guide Tube Bundle 7 was with in 
the range estimated by PNL. For seven of the nine locations, the licensee's 
estimates were within the PNL minimum and maximum estimates. In the other two 
locations, the licensee's estimate wa~ s tgnificantly higher than the PilL 
estimate. 

Ill 



TABLE S. l Estimated Residual Fuel Quantities in Specific THI 
Unit-2 Locations 

E~timat~d Fy~l Quantit~. gr~m~ 
PN 

LQ~;~tiQn ~ ~~ntr~l E~tlm~t~ 
Makeup Pump Cubicle 70 
Waste Transfer Pump Cubicle <10 
RCBT 1A(a) Cubicle 310 
Makeup Tank Cubicle 310 
SOS Monitor Tanks(b) <1000 

IIGT s(c) 1000 
IIGT 7 200 
IIGT 10 2300 
IIGT 25 400 

(a) RCBT • Reactor Coolant Bleed Tank 
(bl SOS • Submerged Demineralizer System 
(c) IlGT • Incore Instrument Guide Tube 

iv 

5.5 
1.0 

170 
100 
10 

680 
300 
280 
230 

R~og~ 

2.6 to 9.3 
0.47 to 1.7 

80 to 290 
30 to 1300 

1.2 to 30 

320 to 1000 
140 to 510 
130 to 470 
110 to 390 
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1.0 INTRODUCTION 

As a result of the Harch 28, 1979 a~cident at Three Mile Island Nuclear 
Station, Unit 2 (THI-2), fuel debris was ·transported and relocated within the 
reactor coolant system, the reactor building and the auxiliary and fuel 

handling building (AFHB). The subsequent cleanup activities have included the 
removal of much of the remaining fuel debris from within the reactor vessel as 
well as that transported ex-vessel. 

The licensee (in a letter to the NRC dated December 2, 1986) proposed 
placing the THI-2 facility in monitored storage for a period of time following 
removal of the damaged fuel. On February 22, 1990, the licensee provided the 
U.S. Nuclear Regulatory Commission (NRC) Staff with the final submittal of 
their Oefueling Completion Report. This report was supplemented by a letter 
dated April 12, 1990, which contained both the results of the cleanup 
following the lower head sample program and a revised criticality analysis. 

The report, as supplemented, provides the licensee's estimate of the quantity 
of fuel remaining in each location of the THI-2 facility as well as presenting 
the results of the licensee's analysis concluding that there is no poss1bility 

of an Inadvertent criticality resulting from e1ther credible o~ incredible 
cond 1 ti ons. 

The NRC Staff requested assistance from the Pacific Northwest Laboratory 
(PNL) to ~erify the licensee's measurements of the quantity of Fuel remaining 

I 

1n the TMI-2 facility. The purpose of the fuel verification measurements was 
twofold: 1) to provide Information regard1ng the quantity of fuel remaining 
in the TMI-2 facility dur1ng the post-defueling monitored storage period 
proposed by the licensee and 2) to ensure that the poss1b1lity of an 

inadvertent criticality is precluded for both nor~al conditions and conditions 
involv1ng the acc1dental shift1ng or movement of fuel. For this reason the 

PNL ~easuremen t program atte~pted to dete~1ne a prec1sely measured value for 
the rema1ning fuel. In contrast. the l1censee's measuremen t program attempted 
to Pnsure tha t the quantity of fuel re~a 1 ning in the facility was not 
underestimated. The methods and in~tr~~entation used by PNL differed from 

that used by the licen~ee because of t he t 1m1ng of the measurements (PNL's 
~e a su remen t s were conducted severa l 1elr~ after the l icensee's dur1ng which 
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time a substantial decrease occurred in the activity of some key 
radionuclides) . The use of different measurement techniques provided a better 
test of the licensee ' s results than would have strict duplication of the 
licensee's measurement techniques. 

This report contains the results of verification measurements performed 
by PNL including a description of the methods used to choose the sampling 
locations, the performance of the measurements, and the data analysis methods. 
The results obtained from these measurements and analysis are compared to 
those obtained by the licensee, GPU Nuclear Corporation (GPU). 
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2.0 SAMPLE LOCATIONS 

Fuel verification measurements were performed on August 27-30, 1990 In 
both the auxiliary and fuel handling buildings (AFHB) and the reactor 
building. The following locations were selected: 

Auxiliary and Fuel Handling Buildings 
Makeup Pump Cubicle 

Waste Transfer Pump Cubicle 
Reactor Coolant Bleed Tank (RCBT) lA Cub1cle 
Makeup Tank Cubicle 

Submerged Oemineralizer System (SOS) Monitor Tanks 

Re~U.Qr_Jiyi lding 

Incore Instrument Guide Tube (IIGl) Bundle · 5 
IIGl Bundle - 7 
I!Gl Bundle · 10 

JIGT Bundle · 25 

The locations were selected to span the range of the licensee's 
estimated fuel quantities . for example, locatio~s were 1ncluded where the 

l icensee was unable to measure any fuel and thus was obligated to estimate the 

quantity of fuel from the minimum detectable limits of the measurement 

equipment. Locat ions were also selec t ed where the estimated quantity of fuel 
was greater than 1 kg . However, rather than randomly select1ng locations 

based solelt on the quantity of fuel, 1t was necessary to select locations 
based on other cr1ter1a, including the general area dose rates, accessibility , 
and geome try of components . The gPneral area dose rates were an important 
fa ctor becau$e the performance of the ~easurement eGuipment in terms of 
accuracy and prec1sion wa s greater in l ower dose rate fields . The 
accessibili ty of the location depended on both the presence of plant 

component s that could Interfere with the placement of equipment and the dose 

rates to personnel performing the measurements . Also , it was advantageous to 
se l ect loca tt ons where the mea s urewen t ~ could bP performed as far away from 

the fuel debr1 s as possible in order to orov;de the best poss 1ble analytical 
pr ec isi on. All of these factor s were con~1dercd 1n selec t ing the l oca t1 ons 
where ~easurr~~nts were obtai ned. 
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3.0 MEASUREMENT AND MODELING APPROACH 

The optimal approach for quantifying the amount of fuel remaining in the 
TMI -2 facility would have been to directly measure the photons emitted by the 
uranium fuel and to correlate the ~easured flux to the amount of fuel present. 

However, uranium radionuclldes d~ not emit photons In sufficient quantities 
and energies to permit accurate measurements. Therefore, gamma photon flux 
rates from a known fuel analog were measured at one or more locations In each 
sampling area. (A fuel analog is a radionucllde that had been determined to 
remain w1th the fuel during the accid.ent, rather than being leached out or 
dissolved in the reactor coolant system water.) The facility components and 
potential source locations and quantities were modeled and a compu ter code was 

used to calculate gamma dose rates at specif1ed locations 1n the cubicle. The 

source locat1ons and quant1t1es were var1ed unt1l the calculated dose rates at 
the measurement locat1ons were sim1lar to the dose rates measured using the 
detector. fuel quantities were then determined by converting the fuel analog 
quanti ties to fuel quantities based on a documented fuel analog -to-fuel ratio . 

Deta1ls on the inst rumentation, measurement procedures, model1ng 
app roach, and error analysis are prov1ded in Sections 3. 1 through 3.4. 

3. 1 ~UHENT~TIQN 

ihe instrumentat ion system that was used to measure res idual fuel 

quantities at TM1 ·2 wa s selected based on both 1ts portability and its ab1l1ty 
to ope rate In relatively h1gh dose rate areas (up to 40 mR/ h) . Th1s ability 
IS attributable to the relat1vely low efficiency of the detecto r and the 
presence of a trans1stor reset prea~pl1fler. This system consisted of a h1gh 

pur1ty coaxial germanium detector ~a nufactured by EG!G Ortec. Oa k R1dge, TN 
(Model ~u~be r GMX05190-P-Plus-S). The ge rman1 um crys tal was cooled for 
opera ti on us1ng l1qu1d n1trogen. Thn crystal s1z e wa s 29.2 mm diame ter and 

29.2 ~~ l ong and was located behind a 0. 5 ~beryllium w1 ndow. The detector 

~pec1 f ica ti ons included a peak-to -Compton ratio of 25.3 and a relat1ve 
eff1ciency of 2 .2~ for 1.33 HeV photons . 

The de ec tor haa an 1ntcrnallt ~ountrd tran~1sto r rn~et p r~ amp l1f1cr, 

anJ a reco~-ended op~rat:ng b1as of - 1500 10lts . The prndmpl1fier wa s 
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internally mounted in the detector to avoid many of the problems associated 
with conventional resistive feedback preamplifiers, and allowe~ the use of the 
detector in dose rate fields up to 40 mR/h . 

A shield was fabricated for the detector to improve resolution in 
several locations of the plant where the dose rates were relatively high. The 
shield protected the detector from some of the scattered radiation without 
decreasing the detection efficiency for the photons of interest. The shield 
was made from an alloy of 90~ lead, 5~ tin, and 5~ antimony . The front of the 
shield contained a removable circular plug (30 mm diameter) that allowed an 
unobstructed view of the full diameter of the germanium crystal . The shield 
was enclosed in an aluminum jacket to prevent damage to the soft alloy 
material. The shield was approx imately 1.3 em thick at the front end and 
approximately 1.0 em thick elsewhere . A spr1ng loaded aluminum flapper held 
the front shield plug in position. The shield was mechanically supported away 
from the liquid nitrogen dewar to m1nim1ze stress on the detector . 

The supporting electronics for the detector cons1sted of commercially 
available instruments manufactured by Canberra Industries, Inc .• Meriden, CT . 
The high voltage bias supply was Canberra Hodel 3~05 and the amplif~er was 
Canberra Hodel 2020 Spectroscopy Amplifier with a shaping t ime of 0.25 
microseconds. The multi-channel analyzer was Canberra Hodel 35 Plus with an 
external Canberra Hodel 8075 analog-to-d igital converter. The pulse height 
spectra from the multi-channel analyzer were downloaded to a laptop Gridcase 3 
computer for subsequent data analysis . 

3.2 MEASUREMENT PROCEDURES 

The spec1fic measurement locat1ons and counting t imes within each area 
were determined based on the character1stics of the area including the size of 
the area to be measured, the amount of background rad1at1on present, the 
strength of the s1gnal from the fuel analog, and the existence of undesirable 
shielding by system co~ponents. In general, measurements were performed as 
far away from the source as possible to prov1de the best possible geometry for 
analysis . When possible, s1gn1ficant shielding by system components was 
avoided by placing the detector in a pos1tlon such that a direct l ine of s1ght 
existed to the po~ent1al source locations. 
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In some cases, physical characteriStiCS of the area precluded 
measurements in certain locations . For example, in the Makeup Pump cubicle, 
water on the floor prevented personnel access to the majority of the room. In 
several cub1~les, locations where measurements were originally planned had 
background radiation dose rates that were too high for the detector to 
function properly, thus precludtng measurements In these loca~lons and 

requiring the selection of other detector locations . In other cases, 

personnel access to certain areas of the cubicles was impossible because of 
the physical placement of system components and the lack of sufficient space 
for personnel and equipment access . 

The number of measurements performed depended on the extent and 
co~plexity of the potential source geometry. For example, only one 
measurement was obta1ned for each lncore Instrument Gu1de Tube (IIGT) bundle 

because the geometry was straightforward and there was a large enough area for 
the detector to be pl aced far enough from the bundle to m1n1mize the effect of 
une~en source d1Str1but1ons w1th 1n the bundle. On the other hand, six 

Teasure~ents ~ere perfor~ed 1n the Reacto r Coolant Bleed Tank (RCBT) lA 
cubicle becau se of the large s1ze of the tank and the potential for the source 
to be distributed unevenly w1th 1n the tank. 

3. 3 ur~SUP(~(NT lNT[PPR[TATIO~ 

Each measure~ent resulted 1n a recorded gamma spectrum. The process of 

relat1ng the ~ea~ured spectrum to the quarttty of fuel present consisted of 
three bas1c steps: I) convert1ng the ~easur~d spect rum to a ga~~a flu~ rate 
for a spec1f1c ga~~a (o r ga~c.as) assoc1a rd w1th the chosen fuel analog(s). 

2) calculat1ng the activ i ty of the fuel analog(s) present in the system 

cc-co~en ts. and 3) converting the fuel analog act ivity to a fuel quant t lf 
basPd on accepted fuel ana log to ·f~el rat1os. Each of these steps 1s 
dtscu~srd SPparate ly below. 

The ga~a f lu t ra~e wa s deter"1nrj from thP ~e a su red ga~a spectrum by 
je t er~1n1ng the number of co.Jn ~ collncted 1n the relevant photopeak(s) and 
ad;J~ttng for the ~etActor efftclencJ, 'h~ dPt~c tor area. a~d the length of 
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the count time . Although the collected spectra contained numerous photopeaks, 
it ~as necessary to limit the analysis to those peaks associated w1th known 
fuel analogs. Based on studies by CPU (~alculatlon Number 4550-4400-87 -026), 
it was determined that 144Ce and 154£u represented the most reliable fuel 
analogs . 154£u was by far the easier of the these .two radionucl ides to 

detect; because of Its relatively long half - life (8.8 years), it was still 
present in relatively large amounts . In contrast, the 144ce had decayed to 
very low levels due to its relatively short half-life (284 days) . Although 
small amounts of 144ce were detected, It was not analyzed and the fuel analog 
154Eu ~as selected for the spectral analysis. 

The radionuclide 154 £u emits many photons, rangtng in energy from 123 

keV to 1.597 MeV . For the fuel ver1f1catton measurements. the htgh-energy 
photons were of greatest interest because they were least affected by 
sh1eldtng from the system components and were read ily apparent above the 137cs 
(background) photopeak. Of the high-energy photons, the 1.274 MeV photon has 
a much h1gher abundance (35 . 5%) than the others, and, therefore, was most 
prominent on the gamma spectra. Furthermore, 1ts photopeak was net in terfered 
with significantly by background ga~~a s. As a result, the 1.274 MeV photon 
from 154£u was the pr1mary photon analyzed. 

Calculat1on of the 1.274 MeV gamma flux rate was accomplished by 

d~term1n1ng the number of net counts above background 1n the relevant 
photopeak on the ga~ma spectrum and d1v1ding by the detector efficiency, 

detecto r area. and the count t ime . Thts procedure wa s performed for each 

ga~~a spectrum ~easured . Detector effic1ency was determined by measur ing a 
calibrated 154 Eu source and d1vtd1ng the number of net counts above background 
1n the 1.274 MeV photopeak by the number of 1. 274 MeV photons that entered the 
detector. The calibrated source was far Pnough from the detector to ensure 
that the em1tted photons approxtmated a parallel beam at the detector face . 
Caltbrattng to a parallel beam of phot ons eltm1nates the dependence of the 

calibration constant on the source-to -detector distance exh1b1ted by a po1nt 

~ource located close to a detector. The eff1c1ency value determined by these 
mea sure~Pnts can be used to rel1a0lJ ccn•Prt collec ted counts unde r the 
photopeak to 1nc1dent f lux for all o( t e gec~et rte s encountered 1n these 

stud1es. 
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Detector efficiency also varies with detector dead time, so additiona l 
calibration measurements were performed In several of the cubicles. 
Efficiencies for each measurement locat1on were determined from a curve that 
was f1t to the calibration data as a function of dead time . 

Oeter~ination of Fuel Analog Activity 

Because of the complexity of the system components and the wide 
variability in potential source locations and quantities, a computer code was 
used to estimate the 154 Eu (fuel analog) activities present in the system 
components based on the measured gamma flux rates .. For this purpose, the 
co~puter code WISE. developed previously under the name SPARC for the Electric 
Power Research Inst1tute (Reece et al. 1987). was used . The code calculated 

the dose rate~ at spec1fied locat1ons from radioactive sources in specified 
geometries . The calculations were based on point-kernel algorithms . The 
sources and any sh1elds present could be modeled by several shapes Including 
pipes. planes, cylinders, po1nts. d1sks. or parallelpipeds, thus allowing 
realistic model1ng of the SfStem components ~nd fuel deposits. The results 
from the code were ver1f1ed by performing selected calculations manually. 

Each cubicle or measure~ent location was modeled as accurately as 
poss1ble using the co!!iputer code . Sourc es of 1.274 MeV gammas were then 
modeled 1n var1ous stslem components 1n a distribution that appeared 

reasonable based on the stslem ~ea~u red. Dose rates (from unscattered gammas 

onlt) were then calculated at each actual measurement locat1on. The source 

d1str1but1ons 1n the components were then var1ed until the calculated dose 
rates matched the measu red dose ratPS as closely as possible 1n each 
measure~Pnt location1• 

I ~ t~o locat1ons (Waste Transfer Pump cubicle and Hakeup Tank cub1cle). 
se1eral d1fferent source gco~etr1e~ that were both poss1ble and plausible 

rc~uJted In P.ACelJent matcheS between the calcul ated and m~a~ur~d flUX rateS. 

I 
'Th1s co~par1son re~u1red the convers1on of ga~a flux rate 
deter~tned from the ~ea§UrPd spectra to dose rate. This was 
acco~pl1shed by ~ultlply,ng he fl~t rates by~ conv~rsion factor 
for I 27~ ~eV gamr.as of 2.3~ ~ 10 ° rem h-I em ~ calcula ted u:1ng 
l 1 ~e~r 'n:Prpolat·on of 1Jlu~~ p~bl1shed for other enrrg1es 
{ I~OIJJ f >nliJlS 1983) . 
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In these cases, the range of ca 1culated fuel quantities associated with the 
different source geometr1es were Incorporated Into the specified fuel 
esttmate . 

Est imation of Fuel Quantity 

The quanttty of fuel tn a spec1f1c cubtcle or component was determined 
by dtvidtng the calculated 154Eu quant i ty by a predetermined 154Eu-to-fuel 
ratio . Based on samples taken by the l1r.ensee through 1988, the esttmated 
154Eu-to-fuel ratio was 33 .4 ~Ci /g (decay corrected to August 29, 1990} (TB 
86· 41, Rev. 2) . The uncertatnty tn thts value, as documented by the licensee, 
ts 86~ (Calculation Number 4410 -89 · l-0097/ 0356P). However. as descrtbed 
below, a different value for the uncertainty was applted to the PNL 
measurements . 

3. 4 (PRQR ~NALYSIS 

There are several sources of potential err or assoctated w1th the fuel 
estt~ates provided In thts report . These errors can be classtfted 1nto three 
general types : prects1on, syste~attc and model1ng. Although modeltng errors 
can be cons1dered systematic, t heJ are tdentlfied separately tn thts report 
because of their relattve tmport ance. lor each set of measurements, each type 
of error was esttmated and t hen co~btned to produce a mtntmum. central and 
maxtmum fuel est tT-ate for each r.easure~ent locat1on. Of the three types of 

errors, precision and modeltng errors were the ~ost stgntft cant with respect 
to the fu~l estimates . 

Pr~c 1~1Qn (rror 

Prec1s1on errors refer to the ra ndo~ 1artabtl1ty of a set of 

observations. For e~a~ple, the error ass oc1 ated wtth t he nu~ber of counts 
obtained tn a spec 1f1 c energy ra nge 1n a g a~~a spect rum ts a prectston error 

These errors can be es tt~at ed d1rectl1 fro~ the reco rded data and are reasured 
by the standard devtalion of the ~e t of obse rvat tons wtth re spect to the ~ean 
va lue (NC RP 1985) . 

There were seve ral potential §Ou r tP5 of prPClS lOn error 1n deriv1ng the 
fuel est1rna tes . These pr1mar1IJ 1ncludPd I} the 154Eu to -fuel rat 1o, wh1 ch 

• as estimat ed by the licensee fro~ -~a~urr·-Pnts of nume rous ~a-ples. 2) fue l 
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source counting errors. and 3) calibration source counttng errors . The 
l icensee estimated the 15~Eu·to-fuel rat1o to be 33 . 4 ~Ci/g (corrected for 
decay) wtth a standard dev 1at1 on of 86~ (Calculatton Number 4550-4400-87-

026). However, th1s stanaard dev1at1on i s tnapproprtate for thts analysis 
because the value was baseo on 1nd1v1dual samples. most of whtch were obt ained 
from the fuel debrts remaining 10 the reactor vessel following the acctdent. 
It IS more appropriate for appl1cat1on to the PNL measurements to use the 

standard deviation of mean rat 1os for spec1fic areas. cubtcles. or components . 
Based on the mean values determtned by the ltcensee for the reactor vessel, 
lower head, Once-Through Steam Generator upper tube sheet, and leadscrews, the 
esttmated standard deviatton as soct ated wtth the 154Eu - to - fuel ratio is 15~ . 

The prect s1cn errors assoc·ated with source count1ng are d1ff1cu l t to 
ouant1f1 bec ause repeat -ea sure~ents were not obtained . However, they are 

lt~eiJ to be s~all because la rger -bers of counts were obtatned in each 
~hotopeak anal yzed. tor !h1s ana l 1 ~1s. the standard devtatton of both the 
fuel source and cal1brat 1on soJrce coun t tng errors IS as sumed to be 1~ . 

The proper ~etnod for co"b1n1ng tndt vlaual prec1s1on errors to deter~tne 
~ ot a l prectston error tn tne fuel estt<at e tS t he method of error propagation 
(Knoll 1979). Stated strc;l lf, the total standard deviat ion is the square root 
of the sum of the sQu a~es of each 1nd1v1dual standard dev tat to n. For th1s 
analtsts, precision errors are stated as 95~ conftdence limtts. wh tch 
corre$pond to approxt~atelj t~o standa rd devi at ions. Tnerefore, the total 

~rec1s1on erro r for each fJel estl~ate ts est1~ated to be 4 1 ~ . 

SJ~te~attc erro rs cannot oe estt-ated dtrectly TheJ refer to errors 
tha~ are rep~lted 1n bot~ ~a~~ltJde 1nd d1r~ct1on. tor exa~ple, cons1sten t ly 
-~asur•~g tncorrec t lJ •he d1stance fro~ a cal ibration source to a detecto r 
~oul~ ~e a SJSte~a~lc error. ·nese erro r s NP.re ~1nt~11ed througn careful 
c~ec~s ard cal1brat1on of the ecutp-ent and revtew of the data . (I t was 

3Ssu-ed that the error assoctat~d wtth ~he actt vttJ of the 154Eu cal1brat 1on 
sou rce 15 1er1 s~a 11). ~ •~bs~t of j,; · ~~atlc error 1s ~odel1ng error . whtch 
ts ~~scr,be~ belo ~ . 
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Modeling Error 

Hodel1ng errors refer to the uncerta1nt1es associated ~1th the output of 
the computer code used to analyze the data, and 1nclude both the errors 
Inherent in the algorithms in the code and the uncerta1nt 1es associated With 
the 1nput to the code. The latter may 1nclude uncertainties 1n the d1men51ons 

of system components and the d1stance between components and detectors. 

Determining the model1ng errors assoc1 ated w1th a specific fuel est1mate 
was not straightforward. Errors may have resulted from geometry uncertaint ies 
such as wall thicknesses of p1pes and pumps or uncertainties assoc iated with 

fuel distributions. The magnitude of the potential errors associated w1th 
these uncertainties varied w1del1 depend1ng on the spec1f1c cubicle or 
component measured. In some cases , un~nown or uncertain para~eters were 

var1ed In the model to determ1ne the dependence of the outcome on their 
values . For each case. an est 1r.a te of the ~odel1ng uncertainty 1s prov1ded as 

an upper and lower range around a central esttmate. It IS assu~ed that the 
~1n1num model1ng uncertainty as soc1a~ed w1th any fuel est1mate 1s 2~. 

Total Error 

The total error as soc1ated • lth each fuel est1~ate 1s a co~b1nat1on of 
the assoct ated prectsion and ~ocel1ng errors. ror all esttmates 1n this 
report, the total error IS provtOPJ as an upper and lower l1n1 t around a best 
est tmate . The upper and lower l1~1ts are der1ved ustng a t wo-step process: 

f1rst, upper and lo~er l1m1ts are est•rated based on model:ng uncerta1nty; 

second. the l1n1ts are e~tended based on the 95~ confidence l1~1ts assoc1 ated 
with the total preCISIOn error. ~cde!1ng ~ncerta1nt 1es are assu~ed to be at 
least 20~; h1gher values we~e ~sed wh en 1t was appropriate . As described 

prev1ously. prec1s1on errors ~e ~e est•~ated to be 41~ based on error 

~ro~agat1on and e~tt~ated •alues for ·~J'viOual preciSIOn errors. 



4,0 AN~LtSIS AND RESULTS 

The re\ults of the fu~l ver1f1 cat1on measurement~ and analys1s are 

pre~entcd 1n th1s sect1on. Sect1on ~ . 1 presents a su:rr.:ary of the results 

Sec t1 ons 4. 2· and 4. 3 present details on the measurements ana analysis for the 

Aux1 l •ary and rue l Handl1ng Bu1ld1ngs (ArHS) and reactor bu1ld1ng, 

respect 1wely . A d1scuss1on of the dtffercnces between the melhodolog 1es used 
b1 GPU and PNL IS a lso prov1ded . 

Table ~ . 1 l1sts the fuel quant1t1es (tn grams) n§tl-at ed by GPU and PNL 
for each of t he n1ne measurr -cnt locat 1ons. Included ~ •th PHl 's best 

ost,-at~~ are u~pe r and 1o~er l1,1ts calcula ted us1ng the ~~t~od~ de sc r1 bed 1n 

Sel t lon 3. ~ A lt~o~gh GPU d1d rrc 1 1d~ proc1~1on uncnrtJ lnll PS assoc1 a!Pd • lth 

se .era l of t ,e 1r es t 1 ~at~s. t h~J are no t j1rectlt co-para,lP t o the uppe r and 

lo .. r;r c~tl"'late~ <lenwed b/ PriL, ant~. · t-~r!'fore. are not ~res!'n ted 1n the 
~JtJle . 
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4.2 AUXILIARY ANO FUEL HA~Dll~G BUILDING M(ASUR(HE,TS 

Measurements were obtained 1n f1ve locations In the Aux1l1ary and Fuel 
Handl1ng Bu1ld1ng (AFHB) . The locat1ons are 1denttf1ed on the AFHB d1agram 1n 
f1g. 4 . 1. An add1t1onal measurement was ~ade 1n the Reactor Coolant Bleed 
Tank (RCBT) IB and IC cubicle 1n order to de termine the contr1but1on from 
sources 1n thiS cub1cle to the background dose rates 1n a nearby cub1cle. 

However, th1s measure~ent wa s not used to est1mate fuel Quant1t1es . 

4. 2.1 Ma~ ~up Pu~p Cub1cl e 

f1gure 4.2 Illustrates the co~ponents and measurement locat1ons 1n the 

Makeup Pu~p cub1cle. Measurement~ were performed 1n only two loc attons 1n 
thiS cubicle because water cover~d ~ost of the floor and pre>ented access to 
a ll ar~as of the room e~ceot n~ar the entrance. Ho. ever, the t~o ~easure~ents 
" ere suff1c1ent to prov1de a rel·abl~ fuel e~t1ma te because the geo~etry of 
t~e conpon~n ts tn the cc01cle ~ as rrlatlvPIJ straightfo rward . 

~ea~ure~ent I wa s o~ta·~eo at tne entrance appro~l~atelf 10 c~ above the 
floor. ~ea~ure~ent 2 ~a s Obta1nec near a wa ll aoproxtrnatelt 107 c~ above the 
floo r The 1.27~ MeV ga~~a flu1 ra·e ~ea~ure1 at locat1on l was 35~ htgher 

than the flux rate Teasured Jt locJtlon I A third ~easure~ent (not ~hoRn 1n 
f1gure ~ .2) wa ~ obta1neJ I, t~~ sa-r lccJtlon as the first ~easure-ent, 

noweve r . a Z tnch-thltk !Pad brtt' ~a s placed at the front face of the 
~etec • or Th•s -casurement ~as p~rfor-ed to ensure t~at the 1.27~ HeV 

photopeak ob ta tned 10 the ftr~t t~o -easure~ents wa s ~ssoc1ated onlt wtt n 
sources ~resent 1n the ~d~ Pup ?J-p CJblcle 

The cr~ ~ut~r code ~i S[ ~ a~ .~PC . , ~~tt~ate the 154£u source 

dl~tr:but•on l".1 quJ"l 1 1 ''"lt .. oulj pr J-.~ce 1 2i 4 ~ •• y ga~a flux rates 

s•-llar ' 0 t~0S~ •e3 sur~d rrr t·~<~ al Jlatl n~. the p~-p was •udeled a~ a 

s.: r ~ It wos. :Je er-1ne:.l <JSinq the code 
w1t" tt.~> CJl culatPd fl.;.r. rates 1f 10~ 

.: 
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T~BLE 4,2 Calculated and Measured 1.274 M~Y Gamma Flux -Rates in 
Makeup Pump Cub1cle 

Measurement locat1on 
1n the Makeup Pur.p 

Cub1cle 

1 

2 

Gamma Flux Rate 
(Relative to Measurement ll 
Measured Calculated 

1.00 

1.35 
1.00 

1.35 

Although many other source d1strsbut1ons could have resulted 1n 

calculated flux rate ratios Identical to those In Table 4. 2, the distribution 
analyzed is realistic based on both the arrangement of the components 1n the 
cub1cle and the ~easured fl~x rates . for example. 1t is not liKelj that most 
of the source was in the surrounding p1p1ng (not p1ctured) because, 1f this 
were the case, the rat1o of the ~~asured flux rates ~ould have been greater 

than 1.35. Also. It 1s not 11~ely that the source was scattered about on ~he 

floor In add1t1on to be1ng real1st1c, the selected source d1str1but1on Is 
unl1 ely to result in an underestimate of the fuel Quantity because the pump 
~all provides s1gnlf1cant sh1eld1ng relat1ve to that provided by other system 
co-ponents. 

Based on the computer calculat1ons . the ~st1mated Quantity of fuel 1n 
t~e ~a~eup Pu,p cub1cle wa~ 5. 5 g. Because a oodellng uncertaintJ cannot be 
quant•f1ed based on the single source distribution analyzed and the absence of 

ldcnt1f1 ed var1at1ons In co~~onent d1r.ens1ons. the minimum value of 2~ is 

a$s~-e1 (see Sect1on 3 4) . Us•ng a -odQllng uncertainty of 20~ and the error 
e§: l -a ~:on •ethod descr1bed 1n Sec:·on 3 4, t~e bounds on the fuel est1~ate 

are 2.5 g and 9 3 g. re s~ect1v~lf 

ln con trast to the PI! -ea <u r~-ert -ethod. the l1censee est1rated the 
IO:' quant·tJ of fuel 1n the ~a~eup P~-p ' vOlcle bt ~easurtng the ·ce pnotopeak 

at 5d1Pral locations ustng a ~al a~tPCtor. The1r est1mate of 70 g IS 

~.~n1f1cantly greater than P~l's bP~t e~t1~ate of 5. 5 g and is also greater 
than the Pill max1~um estt~ate of 9.3 g Thts discrepancy IS partially 

a't~ 1ou table to the ana lysi~ ~Pt,o~ology HSed by the ltcensee. • ho"e esttmate 
1, ba~~d on calculat:ons cf th P ~ 1r1 -.~ jPI PC'able levels {MOL) of fuel. 

•n ~~ C J icul at 1on~ ~~re r~ces~Jr/ ~L a.~~ none of the l1ce~see's ~PJSure-ents 



~------------------------------------------------------------------------------------

resulted In statistical!) sign1f1cant photopeaks .. The licensee determined MOL 
fuei quant1t1es separatelt for each of n1ne system components by assuming that 
t he fuel was located on ly 1n that componen t . The Individual MOls "ere then 
~u~r.ed to arr1ve at a s1ngle ~Ol for the entire cubicle. This methodology 
overe stimated .the fuel quantity S1gn1f1cantly . 

~ .2 . 2 ~as~e Transfer Pu~p Cub1cle 

The waste transfer pump cu b1cle components and the measurement locat1ons 
are Illustrated 1n F1g . 4 .3. Three ~e asurements were obta1ned in this 
cub1cle. all approximately 10 em above the floor . Measurement was obtained 
between the pump motors. Me a su re~en t 2 was obtained near a wall 1n direct 
ltne of s1gnt t o one of the pu~ps (Pu~p A) . Meas urement 3 was located 
s,-.-ptncal to ~easu re':lent 2. '" d1rect l1 ne of stght w1t h the other pump 
(?;J-p S) 

Tne -easured 1 .27~ MeV ga~-a rlJ flux rates at locati ons 1 and 2 were 

es>~ntlallf ident1cal and ~ere 4;~ro~·~a ely 4 0~ lower than t he -easured flux 
rl:e at ~oc at1 on 3. ~ iourth - pasurP-en t (no t shown 1n F1g. ~. 3 ) was ob ta1ned 
for cal1 ~rat1on pu rposes . 

rcr the co-pule r calcu'dtlor-<, ~den pump ~as modeled as a cyi1nde r 

..,l , · "9 a ... all th1c lc.nes s of 2 5.! 1. ?1~e~ were rr.odeled as c~d tnders nanng a 

... all :h tckness of 0. 5 C':l. It -as ~fter':1tned that the mea sure~ents were 
consl\ten t w1: h t he calculated • 1u1es for many plausible source dis tr ibu tions. 
l cre · o~e. th ree dtfferent g~nc~al d1Str1bu t1 ons ~ere analt:ed These 

~'> ' r1~uttons ass~~ed that I) -o~ · . 2) sor~ . or 3) none of the fuel wa s 
·~~JtP~ 10 Pu-p a. In each Cl Se, t~~ re~d lnlng fuel was a~su-ed to be loca t ed 

tr · ~~ ~ rPs ledd1ng fro~ Pu-~ 9 ~-~~ A ard 1t s co~ponents were assu~ed to 
con:lln ~o ' uel oecaJse t~~ p~-~ ~a~ ce~attng and ton cna-~er rPJdtngs of t ho 

· ·~r t ~ose rat es were ~ .. ch' ~· r 'hJn the cont act dose rates fro~ PJ~O B. 
r ,len of th~ "rPP ~Jo:r~>ra !":~, .... ttor.s. t11~ ;,P.rci>ntages of fuel tn the 

-~~ c'e o-oonent~ wPre var:~j J~t> 1 tnP calcul ated flux rate ratiOS fer each 
-, 1SJrr·-~>r·t lrcat tOn were S ..... 'Jr ' .; re •.l'd~U red flux ra:t! rat 'OS ( ,pe f 19. 

~ 3 for t._e ~@ iUl : tng a-o~nt5) il~ rP Jlt1nq fuP.J eStl~d ' ~ fer eaCh Of the 

"'"(•<> ']·"'·•ra l ·j,,tr··but·c~:. .. J :. :.• ·•n -. a' ; ; 1 a rt1 us1ng the "'.?'ho~ ck~Lnbcd tn 

. .. 



~ 0 Measurement ........... , 
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~ . . . . Fuel 
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I OC.1!on 3 
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2 
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.s 
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2• s•. 21 s-,. 
a-'. 48 O"o 
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Based on the computer calculations, it was determined that the total 
fue1 estimate for the cubicle was relatively independent of the specific 
source distribution selected, rangtng from 0.93 g for Distribution (3) to 
1.2 g for Distribution (1). Therefore, the best estimate of the fuel (1.0 g) 
1s based on Distribution (2). The calculated and measured gamma ray flux 
rates for this source distribution are compared in Table 4.3. 

Because the fuel estimate is relatively independen t of the fraction of 

fuel assumed to be in Pump B. bounds on the fuel estimate of 1.0 g were 
calculated based on a modeltng unce rtainty of 2~ and the methodology 

descr1bed in Sect ion 3.4 (the m1n1mum value of 2~ was assumed for the 
~odeling uncertainty because the error based on the potential variations tn 
source d1str1but1on was less than 20~) . The associated mtntmum and maximum 
rwel estimates are 0.~7 g and 1.7 g. respectively. 

:n cont rast to the PNL approach, the l1censee esttmated the quantity of 
144 fael 1n :he Waste Transfer Pu~p cubtcle by measur1ng the Ce photopeak at 

se~eral locattons using a Ual detecto r . Us1ng this method. the estimated fuel 
GUantllf ~as <10 g Th1s est•-ate IS conststen t with the PNL best est1mate of 

l 0 g and ts also consistent w 1~h the P~L m1n1mu~ and maxi~u~ estimates of 
0 : 7 and !.7 g. Howeve r . the P~l and GPU estimates cannot be dtrectlJ 

co-pared because ~he licensee 's estt-ate ~as based on calculalton of the 
- lni T-u~ aetecta~le le~el ( ~DL) fro~ tnrP.e measureT-ents that showed no 
Stgntflcln t photooeak. In add1t 1on . tne esttmate of <10 g was art1f1ctally 
rounded up" fro~ the actual calcJlated uoL of 1. 4 g. Further-ore. a fou rth 

-ca~Jre-ent perfor~ed bf the '·cen~ee, ~htch dtd result 1n a s1gn1ftcant 
,rc:~ceat. ~a s tgnored. The ;~s:·'1cat1on prov1ded for ignor1ng the 

~u...iJ Calcu a~ed cl'"'C u~>J>wrp.j 1 274 "'e'l Ga-~a Flux Pates 1n 
Ja ~te irar~:~r ~~-= 'j~·c; e 

uca~ur~-~nt Loca:1on 
1n :•e Jaste Trans~er 

Prp C:;otcl-: 

1 

2 

3 

Ga"T'a flu.( Ra:e 
~:_glal..!.!~ to ~·.,a~Jr"""~nt ll 
~" li!J r"q ~~a ted 

1 00 
0 98 

I 58 

l co 
0 ss 

58 



measurement was that the resulting maximum fuel estimate of 600 _g was "clearly 
too high" and was attributed to a problem with the instrumentation . 

4. 2.3 Reactor Coolant BlePd Tank !A Cubicle 

The reactor coolant bleed tank (RCBT) 1A cubicle components and the 
measurement locations are illustrated in Fig . 4. 4. Six measurements were 
obtained in this cubicle, all approximately 10 em above the floor. 
Measurements 1 through 4 were obtained along the wall farthest from the tank 

and as close to the wall as possible . Measurement 5 was obtained near another 
wall opposit~ one end of the tank, also as close to the wall as possible. 

Measurement 6 (not shown in Fig. 4. 4) was a calibration source measurement . 
Measurement 7 was obtained opposite the other end of the tank. The measured 

1 . 27~ MeV gamma ray flux rates were generally highest near the middle of the 
tank (lengthwise), although the rea sure~ent at the tank end near the cubicle 
entrance (Measure~er.t 7) also 1nd1cated a relatively high flux rate . 
Mea sure~ent 8 (not shown Fig. ~ . ~ ) ~a s obta1ned 1n the same location as 
Me asure~ent S. although for that ~eas u rernent a Z inch -thick l ead br1ck was 
placed at the front fa~e of t he de t ec ~or . This measurement was used to ensure 

t hat t he 1.274 MeV photopeak obta ined 1n the other measurements was associated 
onl J w1th sources present tn t ,e ~eactor Coolant Bleed Tank !A cubic l e, 

For t he computer ca l cul at ions. the ta nk was modeled as an e~pty cyl 1nder 
havtng a wall th 1ckness of 0.79 c~ . The source was modeled as several po1nt 

sou rces post t toned along t he bot ~cr of t he tank . Limitat ions of t he code 
~re . e1te~ mo re real1s t tc ~odeling, SJth as d1screte l umps hav 1ng vary1ng fue l 
concert rat ions . However . t he a~s oc1a~ea error s are m1nimal because of t he 
rel at11elJ l arge a1s tances fro~ ~he de~ector to the bo tto~ of t he tank. The 

~ O in t ~ou rce loca t 1ons and quan~1t1~s were 1ar1 ed unt t l t he bes t poss1bl e 
-a~ch ~et ~een th~ calculated J~d -~ a ·v re~ ga~a fl ux rates wa s o~t a•ned {Tab le 

.: .o 
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Measurement Location 5 

Measurement 0 
LocatiOn 4 

Measurement 0 
Locatton 3 

Measurement 0 
Loca~on 2 

Measurement 0 
LocatiOn 1 

.................... ............. . . 
Eoutpment 

Storage Area I 

Modeled Fuel Distribution 

Fuel location 1: 11.~. 
Fuel Location 2: 15.5% 
Fuel Location 3: 3l.Oo/. 
Fuel Location 4: 27.4,-. 
Fuel Location 5: 14.3o/. 

0 Mea!iutement 
LocatiOn 7 

[l~UP ( 4 ~ uea s urP~cnt lOC dt ton~ tn P~ 1c t o r Coo lant Bleed Tank lA Cub tcle 
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~~ Calculated and Measured 1.274 MeV Gamma Flux 
Rates in Reactor Coolant Bleed Tank 1A Cubicle 

Measurement location Gamma Flux Rate 
in the RCBT 1A (R~l~~iv~ ~Q Mea~ur~m~nt ll 

~u~i~]~ M~a~yr~g ~al~ula~~d 

1.00 1.00 
2 1.90 1.91 
3 2.15 2. 15 
4 1.19 1.18 
5 0.67 0.66 
7 1.62 1.65 

Although it is unlikely that the modeled source distribution is 
identical to the actual distribution, the resulting fuel estimate of 170 g is 
relatively independent of the modeled distribution because the detectors were 
positioned relatively far from the source . For example, it is not likely that 
all of the source is at the bottom of the t~nk; some fraction may be adhered 
to the tank wall . Also, the source may consist of large fragments rather than 
discrete points. However, neither of these considerations would result in a 
significant change in the fuel estimate provided that the calculated flux 
rates agree with the measured f lux rates. 

Bounds on the Ptll estimate of 170 g were determined based on a modeling 
uncertainty of 20~ and the methodology described in Section 3.4. The 
associated minimum and ma~imum estimates are 80 g and 290 g, respectively. 

Similar to Ptll, the licensee estimated the quantity of fuel in the 
Reactor Coolant Bleed Tank 1A cubicle by measuring the 154Eu photopeak at 
several locations us ing a germanium detector . Using this method, the 
esttmated fuel quantity was 310 g, and the estimated error was 140 g. This 
estimate i s greater than th~ Ptll best estimate of 170 g, although. considering 
the error bounds for both estimates, the di fference is not statistically 
stgnificant. 

Although the licensee's method for estimating the quantity of fuel in 
thts cubicle was similar. tn general, to the Ptll method, there were two 
tmportant exceptions. First. the licensee's measurements were taken directly 

4.1 2 



underneath and thus very close to the tank. Second, as. a result of the 
detEctor placement, each detector was assumed to have measured only one 
di~crete tank segment. Consequently, fuel values for individual tank segments 
were estimated based on single measurements and summed to arrive at a fuel 
estimate for the entire tank. This measurement and analysis approach is 
likely to overestimate the fuel quantity and could result in a relatively 
large analytical error. 

4.2.4 Makeup Tank Cubicle 

The makeup tank cubicle components and the measurement locations are 
illustrated in Fig. 4.5. Three fuel measurements were obtained in this 
cubicle, all approximately 10 em above the floor. Measurements 1 through 4 
were obtained previously during initial measurement preparations and are not 
discussed In this report . Measurement 5 was obtained near the entrance to the 
cub1cle. Measurement 6 (not shown in Fig. 4.5) was a calibration source 
measurement. Measurement 7 was obtained in a corner of the room as far away 
from the tank as possible . Measurement 8 was located in another corner of the 
room, also as far away from the tank as possible . The measured 1.274 MeV 
ga~~a ray flux rates were approximately the same in all three measurement 
locations. 

For the computer calculations, the tank was modeled as an empty cylinder 
hav1ng a wall thickness of 0.88 em, and the tank bottom was modeled as having 
a thickness of 1. 36 em. The pipe leading from the bottom of the tank was 
mode led as an empty cylinder having a wall thickness of 0.55 em. It was 
deterMined that the measurements were consistent with the calculated flux 
rates for several plausible source distributions . Therefore, three general 
d1str1butions were analyzed. These dis tributions assumed that 1) most, 2) 
so~e. or 3) none of the fuel was located inside the tank (Fuel location 1). 

Based on ion chamber readings, most of the remaini ng fuel was assumed to be 
located .i n the pipe lead ing from the bottom of the tank (Fuel locations 2 and 
4) . A ~T-all percentage of the fuel was assumed to be adhered to the tank wall 
(Fuel location 3) . For each of the three general distribut ions, the 
perc~ntages of fuel in the cubicle components were var1ed until the calculated 
flux rate ratiOS for each ~ea~ure~ent loca tion were Similar to the measu red 
f 'u~ rate rat1 os (see f 1g. 4.5 for the rPsult1ng amounts). The resu lt ing fuel 

4 . 13 
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Fuel Location 

1 
2 
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FIGUR E 4.5 Measu rement loca t ions i n Makeup Tank Cubicle 
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estimate for each of the three general distributions was then calculated using 
the method described in Section 3.3. 

Based on the computer calculations, it was determined that the total 
fuel estimate for the cubicle was highly dependent on the general source 
distribution selected, ranging from 51 g for Distribution (3) to 780 g for 
Distribution {1). ·This relatively large range is attributable primarily to 
the large slze of the tank with respect to the size of the cubicle. Because 
the best fit between the calculated and measured gamma flux rates was obtained 
for source Distribution (2), and because this distribution was the most 
plausible, the resulting fuel estimate {100 g) is considered the best 
estimate. The calculated and measured gamma flux rates for this source 
d1stribution are compared in Table 4.5. 

Because the fuel estimate is highly dependent on the fraction of fuel 
assumed to be in the tank, bounds on the fuel estimate of 100 g take into 
account the range of fuel estimates calculated for the different plausible 
geometries In addition to the precision errors. Using the methodology 
described in Section 3.4, the associated minimum and maximum estimates are 
30 g and 1300 g, respectively. 

In contrast to the P~l approach, the licensee estimated the quantity of 
fuel in the Makeup Tank cubicle by measuring the 144ce photopeak at several 
locations using a Nat detector . Using this method, the estimated fuel 
quantity was 310 g, with an associated error of+/· 31 g. This estimate is 
higher than the PNL best estimate of 100 g, although the difference is not 

TABL( 4.5 Calculated and ~easured 1.274 HeV Gamma Flux Rates in 
Makeup Tank Cubicle 

Measurement location 
in the Makeup Tank 

Cubicle 

5 
7 
8 

~ .1 5 

Gamma Flux Rate 
(Relative to Measurement 5) 
Measured Cal culatgd 

1.00 

I. 13 

1.00 

1.00 

1.13 

1.00 



statistically significant considering the wide range associated with the PNL 
estimate. Also, the licensee's <rror estimate was inappropriately small 
because It did not include consideration of eltt.er analytical error or the 
uncertainty associated with the 144ce-to-fuel ratio. The analytical error 
could be especially significant because of the technique used by the licensee 
to Interpret the measurement data. 

In their analysis, the licensee assumed that the entire gam~a flux rate 
measured at each location resulted from photons emitted from a single 
component. For each of the ten ga~ma spectroscopy measurements, they 

calculated the amount of fuel that would be present in each identified 
component if this were the case. Therefore, for each component, there existed 
ten separate estimates of the fuel quantity in that component . It was known 
that the actual amount of fuel in each component had to be equal to or less 
than the minimum of the ten separate e~timates (because if more than th~ 

min1mum amount of fuel was in the component, then the ga~~a flux rate at one 
or more of the measurement locations would have beer higher than that 

measured). The licensee ' s total fuel estimate for the cubicle was obtained by 

su~ming the minimum fuel est1mate for each component. This approach results 
In an overestimate of the total fuel quantity because it Is unrealistic to 
assume that the measurement signal at a spec i fic location is attributable 
entirely to fuel In only one co~ponent. The lice~see acknowledged that this 
analysis approach leads to an overestimate. In contrast, the approach used by 
P~l assumes that the signal at each measurement location could be attr1butable 
to fuel in more than one component. This method does not inherently 
overestimate the fuel quantity. 

4. 2.5 Sup~erged Oemifleral.i.?~_r_S_y~tl.'m Mgnitor Tanks 

figure 4.6 illustrates the co~ponents and measurement locattons near the 
Sub~erged Oeminerallzer System (SDS) ~on1tor Tanks. Only two mea~ureTents 

were obtained near the tan~s. Measure~ent I was obta1ned 1n between the two 
tanks appro)imately 10 em above the floor. Measurement 2 wa s ob tained 
approximately 500 em away fron the tanks and 132 em above the floor . The 
1.274 MeV ga~T.a flux rate ~~asurcd at locution 1 was approximately ftve t1mes 
h1gh~r than the 'lux rate at ~oc at 1on 2. 

4 16 
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For the computer calculations, a range 1n tank wall thicknesses was 
nec~ssary because the exact thicknesses could not be determined. Therefore, 
the tanks were modeled as cylinders each having a wall thickness of either 
0.5 em or 2.54 em. It was assumed that the source was cont,ined entirely 
inside both tanks in equal amounts . The quantity of water in the tanks was 
also unknown, so calculations were performed assuming the tank was either 
filled with water or empty. Also, there existed numerous pipes between the 
tanks and Measurement Location 2. Because the effective shielding thickness 
from these pipes was unknown, calculations were performed assuming the 
attenuation from the pipes was equ1valent to the at~enuation from either 0 or 

em of iron. 

It was determined that the measurements were consistent with the 
calculated fluxes if the source was adhered to the walls of the tanks to a 
height of approximately 400 em to 700 em, the specific height depending on the 
assumptions regarding tank wall thickness, amount of water in the tank and 
effective pipe thickness. For each set of assumptions, it was possible to 
aefine a source that resulted in a match between the calculated and measured 
gamma flux rates (Table 4.6). 

The estimated fuel quantity ranged from 2.6 g to 18 g depending on the 
assumpt1ons used . A best estimate of 10 g is adopted , whi ch corresponds to 
assumptions that 1) the thickness of the tank walls was 2. 54 em, 2} the tanks 
were empty, and 3) the effective pipe shielding for Measurement Location 2 was 
1 em. These assumptions were thought to be the most realistic . The fuel 
esti~ates derived using variations on these assumptions are used to calculate 
the minimum and maximum fuel est1mates. Using the methodology described in 
Section 3.4, these are 1. 2 g and 30 g, respectively. 

TABLE 4.6 Calculated and Measured 1.274 MeV Gamma Flux Rates 
in Submerged Oem1neralizer System Monitor Tanks 

Measurement location 
~ear the SDS Monitor 

Tanks Cubicle 

2 

4.18 

Gam:na Flux Rate 
(Relative to M~asurement ll 
Mgasured Calculated 

1.00 
0.21 

1.00 
0.21 



The licensee did not estimate the quantity of fuel remaining in the 
Sub~erged Oemlneralizer System Monitor Tanks. They did, however, estimate 
that a max1mum of 1 kg of fuel remained in the Submerged Oemineralizer System 
Monitor Tanks and Spent Fuel Pool "B" combined . This estimate was not based 
on measurements. The licensee's Oefueling Completion Report states that "due 
to the extensive filtration [of effluent water] It is conservatively estimated 
that the residual fuel In Spent Fuel Pool 'B' and the monitor tanks Is 
expected to be much less than 1 kg.• Therefore, it Is not possible to 
directly compare the GPU and PNL estimates. 

4.3 REACTOR BUILDING M(ASUREME~TS 

Four separate incore instrument guide tube (IIGT) bundles were measured in 
the reactor building. The measurements were obtained on the 347-foot elevation 
of the reactor building near the "B" D-ring (Fig. 4.7). The bundles were 
suspended vertically such that the bottom of each bundle was from zero to a few 
centimeters above the floor . The detector was located several meters away from 
the bundles approximately 30 em above the floor. To perform each measurement, a 
bundle was lower~d into position at least 250 em from the detector (the actual 
distance depended on the exp~cted dose rate) and the distance from the bundle to 
the detector was recorded. The bundle was counted for a period sufficient to 
produce a significant 1.274 MeV photopeak on the gamma spectrum. In most cases, 
a calibration source measurement was obtained with the bundle in place to 
determine the counting efficiency in the same background environment that 
existed for the bundle measurement. Following the measurement, the bundle was 
placed back in storage, a new bundle was placed into position, and the process 
was repeated. Several times during the course of the measurements an area 
background measure~en t was obtained when no bundle was present. 

Each IIGT bundle measured consisted of either one or two tubes. 
Dimensions of the tubes, including the shielding surrounding the tubes, were 
taken from the GPU draft Calculation Uumber 4800 -3211-90-023 describing their 
own measure~ent analysis. The inner diameter of each tube was 1. 84 em. Each 
tub~ was surrounded by a 4.79 em th ick layer of iron. Details on each of the 
IIGT bundle measurements are provided below. 

4.19 



.s;. 

N 
0 

' '" \lilt 
fP4 J IUuMt Nl ~ 
~t U\lll l Attt ~----- \ \ ~ 

location of Incore 
Reactor Building 

80URCB LOCATION 

PfllSSUIIt/lft 

ll fVAIIJft 

fN(tOSI U 
SIAIIIWlll 

II lAO 
)I(JftAI;( 
S IAIIU 

·covtnto tt.t.rru 
WI Itt I< I MOVAHI t 
LtCAIINti 

llAICtt Wtlte 
ftlM<lVAIU l 
l•ltAitNG 

Tube Measurements in 347 -Foot Elevation of 



The l1censee's approach to estimating the quantity of fuel in the IIGT 
bundles was similar, 1n genera l. to the Prll approach . Similar to PNL, the 
l1censee made a single measure~ent of each bundle using a germanium detector. 
However. the measurement geometries were different in that the licensee rested 
the bundles horizontally on the floor rather than suspending them vertically 
above the floor. This often resulted in a difficult modeling geometry. Another 
difference was that the licensee measured the 144ce photopeak rather than the 
154Eu photopeak. ( 144ce was more prominent during the licensee's measurements 
than it was during the PNL measurements.) Also, the licensee used the 
Microshield code, when possible, to correlate measured count rate to the 
quantity of fuel analog in the bundle. The Hicroshield code is similar to the 
PUL code in that it is straightforward for simple geometries. 

4.3.1 lncore lnstru~ent Guide Tube Bundle 5 

lncore Instrument Gu ide Tube (IIGT) Bundle 5 consisted of a single tube 

106 c~ 1n length. The tube was suspended vertically at a distance of 
approximately 560 em from the detPctor . 

The WISE code was used to determine the quantity of 154Eu in the tube that 
would result in a 1.274 MeV ga~~a flux rate equal to the flux rate measured. 
For the calculations, the tube was modeled as a cylinder having the dimensions 
described previously. It was assumed that the tube was completely filled with a 

uran1um compound having a density of S.O g/cm3. 

Based on the computer calculations, the estimated fuel quantity in 
IIGT Bundle 5 was 680 g. Because the dimensions of the tube were relatively 

Nell k1own and the counting geo"etry was satisfactory, the modeling uncertainty 
assoc1ated with the computer calculation is expected to be small (less than 

20~). Using the methodology described in Section 3.4, the bounds on the central 
est l"l.Jte of 680 g are 320 g and 1000 g. 

The licensee's estimate of the quantity of fuel in IIGT Bundle 5 was 

1000 g. This estimate is sl1ghtly higher than the Prll estimate, although it is 
w1th1n the PUL error bounds. As discussed previously, the licensee's 

reasure~ent and analJSis method HaS Similar to the PNL method, although the 
licensee used 144ce rather than 154Eu as the fuel analog. However, the 
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l1censee 's detector wa s much closer to the IIGT bundle. wh ich re~ult s in greater 
modeling uncertainties. 

4.3 .2 Incore lnstr~rnent Guide Tube Bundle 7 

lncore Instrument Guide Tube (IIGT) Bundle 7 consisted of two parallel 
tubes, one 119 em in length and the other 107 em In length . The tubes were 
suspended vertically from the floor. The shorter tube was approximately 470 em 
from the detector and the longer tube was approximately 440 r.m from the 

detector. There was a direct line of sight between each tube and the detector, 
i .e., one tube did not shield the other . 

For the computer calculations, the tubes were modeled as cylinders having 
the dimensions described previously . It was assumed that the tubes were 
completely filled with a uranium compound having a density of 5.0 g/cm3. It was 
further assumed that both tubes contained equal amounts of fuel per un i t volume. 

Based on the computer calculat1ons, the estimated fuel quantity in IIGT 
Bundle 7 was 300 g. Because the dimensions of the tubes were relatively well 
known and the counting geome try was satisfactory, the modeling uncertainty 
associated with the computer calculation is expected to be small (less than 

20~). Using the methodology described in Sec tion 3.4, the as sociated minimum 
and maximum estimates are 140 g and 510 g, respectively . 

The licensee's estimate of the quantity of fuel in IIGT Bundle 7 was 

200 g. This estimate is slightly lower than the PNL estimate, although It is 
within the PNL error bounds. As discussed previously, the licensee's 

measurement and analysis method was similar to the PNL method, although the 
l icensee used 144ce rather than 154Eu as the fuel analog. However, the 
licensee 's modeling effort wa s complicated by the fact that one tube rested 
behind the other for their me asurements (the tubes were lying horizontally on 
the floor). The licensee as sumed that, because the tubes were angled slightly, 

the gammas emanating from the back tube were not impeded in the path to the 

detector. It cannot be determined from the licensee's data whether this was 
actually the case . This may account for the licensee's estimate being lower 
than the PNL es timate, although , as stated previously, the difference is not 
statis ti ca lly s1gnificant. 
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4.3.3 lncore Instrument Guide Tube Bundle 10 

Incore Instrument Guide Tube (IIGT) Bundle 10 cons1sted of two parallel 
tubes, one 114 em in length and the other 109 em in length. The tubes were 
suspended above the floor at an angle 20° offset from t~e axis perpendicular to 
the floor. Each tube was approximately 260 em from the detector. There was a 
direct line of sight between each tube and the detector. 

For the computer calculations, the tubes were modeled as cylinders having 
the dimensions described previously. It was·assumed that the tubes were 
completely filled with a uranium compound having a density of 5.0 gjcm3• It was 

further assumed that both tubes contained equal amounts of fuel per unit volume. 

Based on the computer calculations, the estimated fuel quantity in IIGT 
Bundle 10 was 280 g. Because the dimensions of the tubes were relatively well 
known and the counting geometry was satisfactory, the modeling uncertainty 

associated with the computer calculation is expected to be small (less than 
2~). Us1ng the methodology described in Section 3.4, the associated minimum 
and maximum estimates are 130 g and 470 g, respectively. 

The l1censee's estimate of the quantity of fuel in IIGT Bundle 10 was 
2300 g. This estimate is significantly higher than the P~L estimate, even 
considering the bounds on the P~L estimate. The probable reason for the 

discrepancy is that, due to the positions of the tubes for the licensee's 
measurements, the Microshield computer code could not be used for the analysis. 

Instead, the QAO -UE compute~ code was used. This code Is much more difficult to 
use than Microsh:eld. In other cases where the licensee used this code (none of 

whi ch are relevant to this report), the code clearly overestimated the amount of 
fuel present. This may account for some or all of the difference between the 
licensee ' s and P~L's estimates. 

4.3.-t l!!.r,o r~ !n s trurr-~ n t Guide T•Jb<? Bundle 25 

lnco re Instrument Guide Tube (IIGT) Bundle 25 consisted of two parallel 
tubes , each approximately 122 em in length . The tubes were suspended above the 

floor at an angle 20° offset from the axiS perpendicular to the floor . Each 
t ube ~as approximately 320 em from the detector . There was a direct line of 
s1gh t be tween each tube and the detec tor. 
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For the computer calculations, the tubes were modeled as cylinders having 
the dimensions described previously. It was assumed that the tubes were 
completely filled with a uranium compound having a density of 5.0 g/ cm3. It was 
further assumed that both tubes contained equal amounts of fuel . 

Based on the computer calculations, the estimated fuel quantity in 
IIGT Bundle 25 was 230 g. Because the dimensions of the tubes were relatively 
well known and the counting geometry was satisfactory, the modeling uncertainty 
associated with the computer calculation is expected to be small (less than 
20~). Using the methodology described in Section 3.4, the associated minimum 
and maximum estimates are 110 g and 390 g, respectively. 

The licensee's estimate of the quantity of fuel in IIGT Bundle 25 was 
400 g. This estimate is higher than the PNL estimate, although it is 
essentially within the P~L error bounds. Similar to the IIGT Bundle 7 modeling 
effort by the licensee, the IIGT Bundle 25 modeling effort was complicated by 
the fact that one tube rested behind the other for their measurements (the tubes 
were lying flat on the floor). In this case, however, the licensee assumed that 
the back tube was co~pletely blocked by the front tube, which would result in 
significant attenuation of the photons emitted by fuel present in the back tube. 
This leads to the potential for analysis errors because 1) the back· tube may not 
have been completely blocked by the front tube, and 2) it is possible that one 
tuh~ contained significantly more or less fuel than the other. For the PNL 
analysis, the measurement geometry was such that it did not matter whether or 
not the tubes contained equal amounts of fuel; the resulting fuel estimate for 
both tubes together was mostly independent of the source distribut· o~ wi!h1r. !he 
tubes. These factors may account for the discrepancy between the licensee's and 
P~L's estimates, although the difference is not statistically significant . 
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5.0 CONCLUSIONS 

The results of the PNL measurements indicated that :he licensee's 
est1mates of fuel quantities were generally conservative. In all but one 
location. the licensee's estimates of the fuel quantities were h1gher than the 
P~L central estimates . The s1ngle exception was lncore Instrument Guide Tube 
Bundle 7; however, the licensee's estimate was within the range estimated by 
P~L . For sev~n of the nine locations, the licensee's estimates were within t he 
P~l minimum and maximum estimates. In the other tw~ locations, the licensee's 
estimates were significantly higher than the PNL estimate. Based on these 
r~sults it is concluded that for the locations measured, the licensee did not 
underestimate the fuel quantities; in all cases, their estimates were either 
within the P~l error bounds or greater than the PNL maximum estimate. 

The conservatism associated with the GPU estimates is attributable to the 
difference between the GPU and Pill measurement and analysis approaches. The PNL 
measurement program attempted to determine an accurate value for the remaining 
fuel. In contrast. the licensee attempted to ensure that the quantity of fuel 
remaining in the facility was not underestimated. In addition, the methods and 
instrumentation used by PUL differed from that used by the licensee. The 
primary difference between the approachps is that PNL measured 154Eu using an 
intrinsic germanium detector whereas the licensee typically measured 144ce using 
a tlal detector. In several cases, the PNL method resulted in statistically 
significant photopeaks, while the licensee's method did not. In these cases the 
l1censPe ''~p~ CJl:ulJtions of lhe min1mum detectable level (MOL) in order to 
deri1e their fuel estimates. By definition, MOL calculations result in 
conservatively high, and often unrealistic, fuel quantity estimates. In one 
case in which the licensee's estimate was significantly greater than the P~l 
maximum estimate. the discrepancy was attributable to this approach. In the 
other case, errors associ ated wi th a co~puter model used by the licensee were 
the mos t likely cause of the significant overestimate. 
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