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PREFACE

In 1987, the U.S. Departmentof Energy (DOE) directed the Pacific

NorthwestLaboratory (PNL),which is operated by BattelleMemorial Institute,

to conduct the HanfordEnvironmentalDose Reconstruction(HEDR) Project. The

DOE directiveto begin projectwork followed a recommendationby the Hanford

Health Effects Review (HHER) Panel in 1986. The HHER Panel was formed to con-

sider the potentialhealth implicationsof past Hanford Site releases of

radioactivematerials. The HEDR Projectobjective is to estimate radiation

doses to individualsand populationgroups from exposure to radioactive

emissionsthat began in 1944 at the HanfordSite.

An 18-memberTechnicalSteering Panel (TSP)was selectedby the Vice

Presidentsfor Researchat major universitiesin Washington and Oregon to

direct the projectwork. The TSP consistsof experts in the varioustechnical

fields relevantto HEDR Projectwork and representativesfrom the states of

Washington,Oregon, and Idaho;Native American Tribes; and the public.

A December 1990 Memorandumof Understandingbetween the Secretariesof

the DOE and the U.S. Departmentof Health and Human Services (DHHS)trans-

ferred responsibilityfor managing the DOE's dose reconstructionand exposure

assessmentstudiesto the DHHS. This transfer resulted in the currentcon-

tract between Battelle PacificNorthwest Laboratories(BNW) and the Centers

for Disease Control (CDC),an agency of the DHHS, to continue the project.

The TSP continuesto act as technicaldirector for the work conductedby

Battelle.

The first step in determiningradiationdoses from Hanford Site opera-

- tions is to determinethe radionuclidecontent,magnitude, and timing of

releases from plant stacks to the air, from reactor coolantdischarge lines to

the Columbia River, and from liquid waste storage facilitiesto groundwater.

Incidentalreleasesfrom other facilitieswill also be determinedas part of

the HEDR ProjectSource Term Task.

In Phase I of the HEDR Project, preliminaryestimateswere made of the

iodine-131sourcesfor the period 1944 through 1947 on a monthly basis (Heeb

and Morgan 1991). These estimates formed an initialbasis for Phase I dose
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estimates (PNL 1991). The HEDR Project plan called for the best estimates

that could be made with the referencesourcesavailableat the time to form an

initial estimateof the iodine-131doses (Shipler 1991, p. 4.2-4.5).

This report providesthe final definitionof the iodine-131source term

for the 1944 through 1947 period. This time period was selected because

Napier (1992) estimatedthat over 98% of the historicalHanford radiationdose

occurred during early Hanford operations,when the environmentalrelease

control technologywas new and under development.

Detailed data used in the cal'culationsdescribedin this document are

containedin the companiondocument Iodine-131Releases From the HanfordSite

1944 Through 1947, Volume 2 - Data.

The results reported here form the input to the Regional Atmospheric

Transport Code for Hanford Emission Tracking (RATCHET)(Ramsdell and Burk

1992) that will provide the geographical iodine-131 deposition pattern. A

series of computer models will turn the geographical deposition of iodine-131

into concentration levels in food and, finally, in dose estimates for affected

individuals. The computer models work together and are collectively called

the Hanford Environmental Dose Reconstruction Integrated Codes (HEDRIC)
(Shipler 1992).

This report completes HEDRProject Milestone 0302A, Documented Phase I

Iodine-131 Releases. It is the final report, replacing the previous version

dated October 1992. Appendix C is a record of the TSP comments and BNW

responses that have been addressed in this final report. Changes from the
October 1992 version are shown in italics.
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ABSTRACT

Releases of fission product iodine-131are calculatedfor the 1944

through 1947 period. Releasesto the atmospherewere from the vertilation

stacks of T and B separationplants. A reconstructionof daily separation

plant operationsforms the basis of the releases. The reconstructiontraces

the iodine-131content of each fuel dischargefrom the B, D, and F Reactors to

the dissolvingstep in the separationplants.

Statisticalcomputermodeling techniques are used to estimate hourly

releasehistoriesbased on samplingmathematicaldistributionfunctionsthat

expressthe uncertaintiesin the source data and timing. The reported daily,

monthly, and yearly estimatesare averages and uncertaintyranges are based on

100 independentMonte Carlo "realizations"of the hourly releasehistories.



EXECUTIVESUMMARY

INTRODUCTION

In 1941, PresidentRooseveltdirectedthe War Departmentto develop

nuclearweapons. The Hanford Site was selected for part of this national

effort, known as the Manhattan Project. Constructionstartedat Hanford in

1943. A nuclear reactor,the B Reactor,became operationalin September1944,

followed by the D and F Reactors in 1945. The same design was used for ali

three reactors. Each reactorwas fueled with natural uranium, part of which

was converted into plutoniumby the reactorneutron flux. The irradiatedfuel

was removed from the reactorand sent to one of two separationplants,T Plant

and B Plant. The mixture of uranium, plutonium,and other materialswas

chemicallytreatedto extract and purify the plutonium. The purifiedpluton-

ium, formed into metallic disks about the size of hockey pucks, was shipped

offsite to be incorporatedinto nuclearweapons.

During the irradiationof uraniumin the reactor,many nuclidesother

than the plutoniumproductwere created. One of these nuclideswas the radio-

active isotopeof iodine,iodine-131. This nuclide is of greatest concern

because it is the largest contributorto the historicalHanforddose.

Iodine-131has a half-lifeof 8 days, decaying into nonradioactivexenon.

During the processingof the fuel from the reactors,iodine-131gas was

released to the atmosphereand dispersedby the wind. The iodine-131settled

on the ground and rivers, and enteredthe food chain.

As knowledgeof the harmful effectsof radiation increased,concerns

were raised about the impact of Hanfordoperationson the surrounding

population. Furthermore,the continuingdeclassificationof historical

Hanford documentsmade the public more aware of the possibilityof health

effects to residentsof the area surroundingthe Hanford Site.

lo In 1987, the U.S. Departmentof Energy directed a full study of the

release of radioactivityfrom Hanford and the dose received by the surrounding

population. Thousandsof additionalpreviouslyclassifieddocumentswere
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declassified to make them available to the public. This study was directed by

an independent Technical Steering Panel (TSP) composedof knowledgeable indi-

viduals who were not associated with the U.S. Department of Energy.

SCOPE

11,12 This study analyzes activity at the three production reactorsand the

two separationsfacilitiesthat were operatingin the Ig44-through-1947

period. The three reactorswere graphite-moderated,water-cooledreactors

located along the Columbia River. The reactorsreleased virtuallyno iodine-

131, but it was necessaryto study them becausethey were the source of

iodine-131. The time delay between irradiationand processingwas also vital,

because the amount of iodine-131decreased by half every 8 days. Irradiated

uranium fuel rods discharged from the reactorswere dissolvedat the chemical

processingfacilities,T and B Plants, in the first step of plutoniumextrac-

tion. The iodine-131was released throughthe T and B Plant stacks during

dissolutionand, to a lesser extent, during the subsequentsteps in the

bismuth phosphateseparationprocess.

9,13 This study focuseson iodine-131because it readily enters the food

chain and is concentratedin the body by the thyroidgland. Other radio-

nuclides released to the air and to the ColumbiaRiver contributemuch less

radioactivedose to the effectivewhole body dose (Napier1992).

The time period of this study begins with the start of operationsin

1944 and concludesat the end of 1947. That cutoff date was chosen because

the irradiatedfuel was cooled for a longerperiod before dissolutionby the

end of the period,allowing natural decay to eliminatemuch of the radioactive

iodine. Later on, filters and chemicalscrubberswere installedin the stack

air system,which further reducedthe iodine-131emissions.

14.21 This report describesone step in the total process of determiningthe

iodine-131exposure any particular individualmay have received. The total

process uses four integratedcomputer models under the collectivename Hanford

EnvironmentalDose ReconstructionIntegratedCodes (HEDRIC). The first com-

puter model, Source Term ReleaseModel (STRM),uses plant records and the

physical laws governingthe nuclear and chemicalreactions to arrive at the
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amount of iodine-131 released from the plant stacks, as described in this

report. Additional computer models are required to determine the dose

received by an individual. The second model, Regional Atmospheric Transport

Code for Hanford Emissions Tracking (RATCHET), gives the geographical

deposition of the iodine-131 after its release. The third model, Dynamic

EStimatesof Concentrationsand AccumulatedRadionuclidesin Terrestrial

Environments(DESCARTES),tracks the iodine-131throughthe food products

produced in the area under study. The fourth model, Calculationof Individual

Doses from EnvironmentalRadionuclides(CIDER),combinesthe food product

informaticnwith time, location,and diet data about an individualto estimate

that individual'sdose from iodine-131from Hanfordoperations.

.TECHNICALAPPROACH

zs Calculatingthe releaseof iodine-131requiresthe integrationof much

input and many intermediatecalculations. This study relied on original

recordsgeneratedduring the time period under study. These were supplemented

with other reportsand summaries. Wherever possible,multiple sourceswere

used to arrive at values. A knowledgeof the physical processes,monitoring

techniquesused, and completenessof records allowedthe uncertaintyto be

estimatedfor each value. This study generatedestimatesof the iodine-131

releases on an hourly basis. These are the primary inputsto the HEDR

AtmosphericTransport Task. In this report,daily, monthly, and yearly

summariesare provided.

zs The creation of iodine-131in the reactorswas calculated from reactor

power records. The productionof this isotopeis directly relatedto the

power level, which is recorded in the reactor daily logs. As the amount of

iodine-131in the irradiatedreactor uranium fuel increasesduring reactor

operation,it also decreasesas a result of decay until it reaches equilibrium

and thereafterremains a constantamount. If the reactorshuts down, produc-

tion of iodine-131ceases and the amount presentat shutdowndecreasesby

radioactivedecay. The calculationswere based upon the daily power records

and took into accountthe day-by-daychanges in the amount of iodine-131

present in the fuel.
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IB When the irradiated fuel is discharged from the reactor, iodine-131

decays with an 8-day half life; the decay time, known as cooling, was inferred

from records showing when fuel was discharged from the reactor and when it may

have entered the dissolving process.

The next consideration was the process of dissolving the fuel in the

separation plants (T and B Plants). This was a two-step process. First, the

aluminum cladding was dissolved with a caustic solution of sodium hydroxide,

then the fuel was dissolved with nitric acid. The iodine-131 was released

during this step and also during processing steps after dissolving. Detailed

plant records on the dissolution of batches of fuel were correlated with

reactor discharge records to determine the amount of iodine-131 present during

dissolving. The fraction of the iodine in the dissolver that was released

directly to the stack as well as during subsequent processing was taken into
account.

RESULTS

is.19.2z The estimatedamount of iodine-131releasedto the atmospherefrom T and

B Plants between 1944 and the end of 1947 was 685,000 curies (Ci). This is

summarizedby month in Table S.I. The valuesprovided for each month are the

mean (Ci/month),standarddeviation (SD), maximum (Max) and minimum (Min) from

100 independentruns of the Source Term ReleaseModel ($TRM). The values in

Table S.1 for the entireperiod of 1944-1947are based on the accumulated

releases from the same 100 runs. Each of these runs represents a possible

pattern of hourly releases that could have happenedgiven the uncertaintyin

the availableinformation.

17 The 685,000 Ci release estimateexceeds the estimate from the Phase I

study, which was 406,000 Ci (Heeb and Morgan 1991). The 685,000Ci estimate

is based on plant recordsthat had been retired and warehoused,and were not

known to exist during Phase I. The Phase I resultswere based on monthly

averagevalues of the amount of material processed and the cooling time, which

came from HWN-1991 (Roberts1957), the only source of informationthat covered

the 1944 through 1947 period known at the time Phase I resultswere produced.



TABLES,]. Monthlylodine-13IReleases(Ci)FromT and B Plants,1944-1947

---1944 ...... 1945
Month CllMonth SD Max Min Cl/Month SD Max Min

January 1221 438 2098 131
February 2126 393 2944 1371
March 2082 322 2803 1236
April 28746 1810 33284 25445
May 74482 4747 86616 65245
June 48466 2798 54781 40989
July 47036 2884 83838 41177
August 72090 4940 84752 60761
September 88682 E076 99902 77224
October 92068 6292 106359 83959
November 37752 2441 46652 31856
December 2139 468 3211 1393 62340 3423 71238 55566

TOTALS 2139 468 3211 1393 555089 30056 627939 499183

..... 1946 ---1947 .............
Cl/Month SD Max Mln Cl/Month SD Max Min

January 11753 718 13200 10406 6158 ' 395 7248 5443
February 7399 421 8340 6464 3835 277 4541 3219
March 7952 506 9262 6629 5617 332 6359 4951
April 11680 696 13491 9956 4853 380 5814 4127
May 13280 760 15066 11832 3989 286 4672 3384
June 4609 277 5280 4086 1662 126 2019 1359
July 5568 330 6408 4864 2297 136 2632 2031
August 8642 526 9686 7423 1249 93 1421 1067
September 7670 666 6742 6293 1208 77 1407 1044
October 4819 349 6808 4160 472 37 547 365
November 5625 381 9412 4640 261 21 334 222
December 7398 456 8338 6410 261 17 312 221

TOTAL 96284 5139 108929 86752 31848 1714 36295 28951

Total Released 1944-1947 685359 36895 775092 616400

Note: SD, Max, FAintotals are not the result of adding monltdy values. They are yearly statlstic_.

The currentresultsrepresenta substantialimprovement.Theyare based

on a dailyreconstructionof plantoperationsinsteadof monthlyaveragesand

involveoverlappinginformationcontainedin multiplesourcedocuments.Addi-

tionally,the calculationsmodelthe uncertaintiesinvolvedin extracting

quantitativeinformationfrom the primarysources.

2o Becauseof thewealthof originaldocumentationand redundantsources,

thereis a highdegreeof confidencethatthe actualvaluesfallwithinthe

computedranges. If previouslyundiscoveredrecordsshouldappear,theycould
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change the est/mated magnitude of uncertainty for someestimates, but the

current base estimates are expected to remain valid. The complete picture

given by these records is responsible for both the revised estimate of iodine-

131 released and for the high level of confidence in that figure.

B_COMMENDATIONS

All the pertinentrecords known to exist have been used to arrive at

these results. The method of reconstructingthe iodine-131releases uses

statisticalmodeling techniques,which take into account the areas where

complete informationwas not found, lt is, therefore,concludedthat a

sufficientlywell-definedestimate of the iodine-131releases has been

obtained,and it is further recommendedthat these estimates be used as input

to the HEDR air transportmodel as the second step in determiningthe doses

received by the public from Hanford Site iodine-131releases in the 1944-

through-lg47time period.
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GLOSSARY

8 100 Area Designationfor all Hanford ReactorAreas. For example,
the fenced exclusionarea around B-Reactorwas
designatedIO0-B.

200 Area Designationfor all Hanford SeparationsAreas. For
example, Redox is locatedin the 200W exclusionarea.

300 Area The area nearestRichlandwhich contains the fuel

fabricatYonoperations.

B Plant Second bismuthphosphateseparationprocessplant built
at the Hanford Site.

B Reactor The first Hanford ProductionReactor.

Batch Amount of fuel dissolvedat a time. Synonymouswith
cut.

Bucket The square metal containerof dischargedfuel elements.

Burnup Thermal energy generation. Units are megawattdays
(MWd).

Charge Amount of fuel loaded into the dissolver. Units are
tons.

Curie A unit of radioactivity: 3.7 x 101°disintegrationsper
second.

Cut Amount of fuel in the dissolverthat is dissolved at one
time.

D Reactor The second Hanford ProductionReactor.

Days Working shift from 8 a.m. to 4 p.m.

Dissolver The processvessel used in the spent fuel dissolution
process portionof the bismuthphosphateseparation
process.

DOI HEDR computercode used to model separationplant
dissolveroperations.

Effective The ratio of the pile power to the averageof the 10
Central highest-poweredtubes. In the early period,only the
Tubes (ECT) highest-poweredtube was used in computingECT. The

radial peaking factor is equal to the number of physical
tubes (2004)divided by the ECT.
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Exposure Thermal energy generation per unit fuel mass (MWD/ton).

F Reactor The third Hanford Production Reactor.

Fission Yield Fractional amount of a given nuclide per fission event.

6raveyard Working shift from midnight to 8 a.m.

Half-Life The time for half of a given mass of a radionuclide to
decay.

HEDR Hanford Environmental Dose Reconstruction (Project).

Heel Amount of uraniumleft in dissolver after last cut was
processed.

HPR Hanford ProductionReactor.

Lag Time The number of days between the dissolutionand
extractionsteps in the bismuthphosphateseparation
process.

Load or The number of tons of uraniumcontained in the reactor.
Loading Also one of the distributionfunctionsused to model

uncertaintyin the pile loading.

Monte Carlo The techniqueof representinguncertaintyin one or more
parametersby randomly samplingdistributionfunctions
which express parameteruncertainty. The results of
each complete sampling (realization)are recorded,for
analysisof computed uncertaintyof the outcome.

Peaking The ratio of the averagepower generationof a batch of
Factor (PF) dischargedfuel to the averagereactor power.

Phase I Preliminaryphase of HEDR Project.

Pile An earlier term for the graphite-moderatedproduction
reactors.

Power Reactorthermal power. Usual units are megawatts.

Power Peaking The ratio of the maximum process tube power to the
Factor average process tube power.

ProcessTube The aluminum tube which held the uranium fuel elements
(slugs)plus coolingwater.

Push Fuel dischargeduring a given refuelingoutage. Units
are either slugs or tons.
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Reactor Nuclear reactor. Used interchangeablywith "pile."

ReactorModel A computermodel developedto providethe relativepower
experiencedby fuel dischargedfrom a Hanford reactor.

Realization A particularpass through a Monte Carlo simulationwhere
all stochasticparametershave been assigned a value.
The simulationrepresentsa "possiblereality."

Release Factor Ratio of radionuclidereleasedt,oamount of radionuclide
processed.

Shift A portion (usually8 hours) out of 24 hours for
scheduledwork. At Hanford these were Days (8 a.m. to
4 p.m.), Swing (4 p.m. to midnight), and Graveyard
(midnightto 8 a.m.).

Slug The aluminum-cladcylindricaluranium fuel element used
in Hanford reactors.

Source Term The amount of radioactivity(curies)of a radionuclide
releasedto the environmentfrom an industrialfacility
at the point of loss of engineeringcontrol.

Stack The primaryrelease point of exhaust air from a reactor
or separationplant building.

STRM Source Term ReleaseModel. HEDR Monte Carlo computer
code which was used to calculateiodine-131releases.

Swing Working shift from 4 p.m. to mid1_ight.

T Plant First bismuthphosphate separationprocess plant built
at the HanfordSite.

Ton Always 2000 Ib in Hanfordreactor usage. (Metrictons,
2200 Ib, were used only within the separationplants.)
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1.0 INTRODUCTION

2s The Hanford Site was built to provideplutoniumfor the United States

nuclear weapons program. During the course of operations,some by-product

radionuclides,includingiodine-131,were releasedto the air. This section

provides backgroundinformation,outlines the backgroundand reasons for this

study, and definesthe topics covered.

1.1 BACKGROUND

In 1941, PresidentRooseveltdirectedthe War Departmentto develop

nuclear weapons. The Hanford EngineerWorks was started in 1943 as part of

the Manhattan Project. lt was intendedto produce the element plutonium,one

of two known obtainableelementsthat could be used to produce nuclear

weapons. To produce plutonium,it was necessaryto irradiateuraniumwith

neutrons. The neutronswould be absorbedby the uranium nucleus, eventually

leading to the productionof plutonium. In 1943, 1944, and 1945 three nuclear

reactors (B, D, and F) were built and operatedto providethe neutrons. The

reactors were fueled with uranium rods. The productionof neutrons by the

process of nuclearfission also produces a large number of radionuclidesfrom

the fragmentationof the uraniumnucleus. One of these is iodine-131.

24 The amount of plutoniumin the uraniumfuel rods increasedas the reac-

tor operated. When a group of rods reachedthe goal exposure,the reactor

was shut down and the group of rods was discharged. In addition to plutonium,

iodine-131was containedin the rods at discharge. The iodine-131undergoes

radioactivedecay at a rate which leaves only half of it after 8 days. The

discharged fuel rods were stored for 30 days or longer to allow for the decay

of iodine-131as well as many other fissionproductradionuclides.

After storage, the fuel rods were sent to the chemical separationfacil-

ity to extractthe plutonium. The first step in the separationsprocesswas

to load the irradiatedfuel rod into a large tank called a dissolver, lt was

equipped with inlet and outlet pipes as well as a water-cooledreflux

condenseron the lid. A so-calleddissolveroff-gasline, connectednear the

top of the condenser,led to a large-diameterstack 200 feet high.
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After loading,the aluminumcladding of the fuel rods was dissolvedwith

a sodium hydroxidesolution. The next step was to dissolve the now-bare uran-

ium fuel rods in concentratednitric acid. During this process step, part of

the iodine-131,along with other volatile radionuclides,was released from the

uraniummetal and routed through the reflux condenserto the off-gas line and

out the stack.

After dissolving,the plutoniumwas left in the acid solution along with

the remaining iodine-131and other fission productradionuclides. The pluton-

ium was obtained in relativelypure form in the next severalprocessingsteps.

The remaining iodine-131and other fission productsended up in the plant

high-levelwaste stream;however, some of the iodine-131escapedto the separ-

ation plant building ventilationair. The ventilationsystem also exhausted

up the 200-foot stack, so some of the iodine-131was vented to the atmosphere

after the dissolving step was completed.

1.2 PURPOSE

The purpose of this report is to document the releasesof iodine-131to

the atmospherefrom Hanford from 1944 through 1947.

2B The preliminaryresultsof the HEDR Projectconfirmedthat iodine-13]

releasedduring the 1944-through-1947period was responsiblefor over 98% of

the historicHanford dose (Napier1992, p. 9). A preliminaryestimate of

early iodine-131releases on a monthly basis was made during Phase I of the

HEDR Project (Heeb and Morgan 1991).

The Phase I resultswere based on a single referencesource

(Roberts1957) with no corroboratingreferences. The data used were averaged

on a monthly basis. Hanford documents,which would make a much more detailed

reconstructionof the iodine-131releases possible,were discoveredas part of

the ongoingHEDR data-gatheringactivityafter the Phase I study ended.

This report describesone step in the total processof determiningthe

iodine-131exposure any particularindividualmay have received from opera-

tions at Hanford. The followinglist, along with Figure 1.1, gives a thumb-

nail sketch of the entire process. The process uses a series of computer
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models designed to work togetherunder the collectivename Hanford

EnvironmentalDose ReconstructionIntegratedCodes (HEDRIC).

z7 • The laws of physics and chemistrydescribe the reactionsthat took place
in the nuclearreactors and chemical processingplants. The records
that were kept at the plants describe the materialsthat went into the
process. Data from those recordsare entered into a mathematicalmodel
of the operationof the processes. That model, the Source Term Release
Model (STRM),using the laws of science and the data on Hanford opera-
tions, produces an estimateof the amount of iodine-131that was vented
to the atmospherethrough the plant stacks. The hourly releasesof
iodine-131are the final productof this report.

• The secondmodel combinesthe hourly releasedata with informationon
wind directionand speed. This model, the RegionalAtmospheric
TransportCode for HanfordEmissionTracking (RATCHET),yields an
estimateof the distance and directionthe iodine-13]went before
settlingon the ground and on crops.

• The third model, Dynamic EStimatesof Concentrationsand Radionuclides
in TerrestrialEnvironments(DESCARTES),takes the distributionof
iodine-131and calculates its progress throughthe food chain. Ulti-
mately, DESCARTESdescribesthe iodine-131concentrationin the foods
availableto the populationin the area coveredby the HEDR Project.

• The final model, Calculationof IndividualDoses from Environmental
Radionuclides(CIDER),uses time, location,and diet informationfor an
individualand the DESCARTESinformationon iodine-131in the food to
calculatethe dose estimate-howmuch iodine-131from Hanfordoperations
ended up in that individual'sbody.

The releaseinformationin this report is now based on multiple refer-

ence sources and reconstructsthe releaseof iodine-131on an hourly basis

based on plant operations. Each reactordischargeand each dissolver batch of

reactor fuel dissolved is represented. This forms a recreatedbase of

original operationalinformationwhich can form the basis for independent

estimatesof atmosphericdispersion,deposition,and dose estimationfor

radionuclidesother than iodine-131.

1.3 SCOPE

The Hanford facilitiesthat produced and released iodine-131are

described. The productionof other radionuclidesis discussed. The time

period of the study is also discussed.
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FIGUREli.1. Hanford Environmental DoseReconstruction Integrated Codes

1.3.1 Facility DescriDtions

ze.zg Iodine-131 was created by the nuclear fissioning of uranium fuel in the

three Hanford Production Reactors (HPRs). B Reactor started up in September

1944. D Reactor started up in December1944, followed in February 1945 by the

startup of F Reactor. The HPRs,described in Ballinger and Hall (1991), are
large graphite cubes each with 2004 horizontal aluminumprocess tubes contain-

ing 8-inch aluminum-clad uranium matal cylinders (slugs). Neutrons were
producedby a neutron chain reaction in the uranium.(a) The neutrons were

absorbedby the uranium nucleus, which broke apart (fissioned) producing a

(a) The use of "uranium" refers to U-235 fusion as weil as Pu-239 fusion.
The Pu-239 fs created by neutron capture by the U-238 nucleus.
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large amount of thermal energy and many nuclear fragments (fissionproducts)

plus approximately2.5 neutrons per fission,which was enough to sustainthe

chain reaction. Iodine-131is one of many highly radioactivenuclides

producedduring fission. The graphite served as a "moderator"to slow the

high-energyneutronsdown, which made them more reactiveand better able to

sustainthe chain reaction.

30 The slugs were clad in aluminum to preventthe uranium from reacting

chemicallywith the coolingwater. Becauseof the heat produced,a large

amount of water was requiredto cool the reactor. The coolingwater flowed

horizontallythrough the aluminumprocess tubes from the vertical "front face"

to the vertical "rear face" of the reactor. Each process tube was equipped

with an outlet water temperaturemonitor and a flow-measuringorificeor

venturi assembly. As thermalpower was generatedin the slugs from the action

of the neutrons,the coolantwater was heated. The instrumentationprovideda

means of calculatingindividualtube powers (productof tube flow and

temperaturerise):

Power(kw)- 0.2635 x Flow(gpm)x [Toutlet(°C)- Tinlet(°C)] (I.1)

The time-integratedpower gave the individualtube burnup:

_P(t)dt--E(t) (1.2)

expressed in megawatt-dayper ton (mWd/ton). When a group of tubes reached

approximately200 MWD/ton (Jaech undated),the reactorwas shut down and the

tubes discharged.

30 The irradiatedslugs were intenselyradioactive,and removingthem from

the reactor, which was equippedwith radiationshielding,required that they

be shielded at all times. The dischargeoperationconsisted of opening up the

process tube front and rear fittings. New unirradiatedslugs were inserted

into the front of the tube, which pushed the irradiatedslugs out the rear of

the process tube. The irradiatedslugs fell into the water of the discharge

chute where they slid under the rear face shield wall into the discharge

basin. The water in the dischargeand contiguousstoragebasin was deep
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enough to provide shielding for the workers who, using long-handled tongs,

picked up the slugs and put them into storage buckets on the floor of the

basin. The buckets, which held 105 slugs each, were then moved to a temporary

storage location in the storage pool.

After discharge, the slugs were stored at the reactor storage pool, then

sent either to the 200 North Area intermediatestoragefacility (threepools)

or directly to T or B Plant. In this early period, all of the fuel was sent

to the 200 North Area of the Hanford Site and then dispatchedto T and

B Plants.

A descriptionof T and B Plants,which used the bismuth phosphatesepa-

ration process, is given in Ballingerand Hall (1991). T Plant started

processingradioactivefuel from B Reactor in December 1944. B Plant began

operations in April 1945. In these operations,spent fuel was received via

the rail loading bay in the 221B and 221T Buildings. A railroad car with

water-filledshieldingcompartments(well car) containedthe spent fuel

buckets,each bucket loadedwith a nominal 105 slugs.

The separationprocessstartedwhen the slugs from the buckets were put

in the dissolverby a remotely operated crane. A nominaldissolver "charge"

during this period was 8 buckets,840 slugs or 3.3 tons (at 7.85 Ib per slug).

The normal charge was placed in the dissolveron top of an approximately

1.l-ton "heel" of undissolvedmetal left over from the previous run. The heel

was left for speed dissolvingof the next fresh charge. Slugs in the heel had

a greater surface area than new slugs as a result of being attacked by the

nitric acid. Since the acid dissolutionrate is roughlyproportionalto the

specific uranium surfacearea (cm2/gU),the presenceof the heel reducedthe

dissolutiontime.

31 The dissolverwas fittedwith a reflux condenser,which preventedthe

escape of boilingwater vapor. At the top of this condenserwas a 3-inch-

diameter off-gas line, which was connectedto the output side of the building

vent fan. Volatile materialsfrom the dissolvingprocesswere drawn out of

the dissolvervia a steam jet pump. Dissolveroperationswere conductedat

all times with a negative pressurerelative to atmosphereto avoid direct

leakage of radioactivegases from shieldedpits called processing "cells" into
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the building ventilationsystem. Air pressure of the entire process building

was maintainedi,egativerelativeto atmosphereby the ventilationtunnel

exhaust fans (as shown in Figure 1.2). A fraction of the iodine-131remaining

in the process liquid after dissolvingwas emitted during subsequentprocess-

ing steps via the canyon ventilatioiltunnel.

The aluminumc,adding was removedfrom the irradiatedslugs loaded into

the dissolverby the additionof caustic,concentratedsodium hydroxide.

After removingthe caustic solutionfrom the dissolver,concentratednitric

acid was added, which was sufficientto dissolve 1.1 tons of the bare uranium

slugs. Afterward,tuo more 1.l-ton"cuts"were made, for a total of three

cuts per dissolvercharge. Evolutionof iodine-131and other volatile fission

products to the dissolveroff-gasoccurredwith each of these cuts. This left

an approximately1.l-tonheel in the dissolver,which was then prepared to

receivethe next 3.3-ton charge.

1.3.2 Radionuclides

Many radionuclideswere produced in the HPRs. About 30 of these (Napier

1992) are consideredto be potentiallysignificantcontributorsto the Hanford

dose either by air or by water pathways. Iodine-13]released to the air by T

and B Plants in the Ig44-through-lg47period was estimatedto be the largest

of these by a large margin (Napier1992). The other radionuclidesare being

studiedand doses will be c_Iculatedfor them as the HEDR Projectcontinues.

The beginningof a dose estimatefor any of these radionuclidesmust start

with a "source term": an estimate of the amount of curies released and the

time of their release. The source terms for other radionuclidesare currently

being developed,both for air and water releases (Shipler1992).

1.3.3 Time Period

Effort was concentratodin obtainingthe best possible source-termdefi-

nition for iodine-131released to the air in the 1944-through-lg47period

because it was known to be large (Anderson1974), and becausethe records on

which to base a source-ter_reconstructionwere the oldest and most vulnerable

to deteriorationand destructionthrough the normal functioningof the Federal
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FIGURg 1.2. B and T Plant Stack Air System

Records storagesystem. Releases to the air during this period were high

because cooling times were short and releasecontrol technology had just begun
and was under development.

1.3.4 poini;sof Releas_

The B and T Plant stacks were anticipated to be the largest air-release

sources of all the Hanford production facilities (Napier 1992). Their design

provided release monitoring systems because they were recognized as air-

release points. Other air-release points, such as the reactor ventilation

stacks, were minor as far as fission product releases were concerned because

fission products created at the reactors were almost entirely contained within
the aluminum-clad slugs.

Operations at the 300 Area fuel fabrication facilities during this early

period involved only unirradiated uranium. Hence, air releases fromthese

facilities would be minor compared to the separations plant stacks.

1.4 PREVIEW OF THE RI_PORT

The TechnicalApproach sectionof this report (2.0) defines the informa-

tion required to estimate iodine-131releases and reviews the existing infor-

mation base. Section 2.0 then explains how gaps in the required information
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were overcome by statisticaluncertaintymodeling techniques,and the assump-

tions involved. An overviewof the various stages in the computationprocess

is provided.

Section3.0, QualityAssuranceand the Achievementof Data Quality

Objectives,discussesthe qualityobjectivesof this report and assessestheir

achievement.

In Section 4.0, Results,the estimates are discussedand compared with

Phase I results. The reasonsfor the larger estimatesof the current study

compared to Phase I are given. The detailed numericalresults,which are tab-

ulated in Volume 2, are described.

Section 5.0 presents the conclusionsdrawn from this effort including

comparisonswith the resultsof previous studies. Finally,Section 6.0

recommendsthe future use of the results.

Appendix A describesthe mathematicalmodel of a Hanford Production

Reactorthat was used in calculatingthe productionof iodine-131. Appendix B

gives an evaluationof the referencedocumentsused to determinethe release

factor,the percentageof iodine-131produced that is released to the

atmosphere.
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2.0 TECHNICALAPPROACH

This sectionexplains how the iodine-131release estimateswere made.

2.1 REQUIRED INFORMATIONFOR CALCULATINGIODINE-131RELEASES

The objectiveis to estimate hourly releasesof iodine-131from T and B

Plant stacks in the Ig44-through-lg47time period. Hourly releasedata was

selected as the objectiveto allow correlationwith existing hourly wind speed

and directiondata. What informationwould be requiredto calculatehourly

releases? First, the amount of iodine-131present in the fuel discharges,or

"pushes,"as they were called in the terminologyof the day, must be known.

Second, because iodine-131decays with a half-lifeof 8 days, the number of

days betweenthe push and dissolving"cut" (coolingtime) must be known to

calculatethe iodine-131availablefor release. Third, the fractionof dis-

solver iodinereleased to the stack by the dissolver off-gasline must be

known. Fourth,the fraction leakedto the building ventilationfrom process-

ing steps after dissolvingmust be known. Fifth, becausesome fraction of the

iodine sent to the stack did not go out the top, but was returnedas conden-

sate in the collectiontrap at the bottom of the stack, this fractionmust be

known. Sixth, time of day that dissolvingstarted and ended must be known.

And, last of all, the hourly releaserate that appliedwhile the cut was being

dissolvedmust be known. These requirementsare summarizedin the following

list.

1. Push iodine-131content

2. Coolingtime: differencebetweenwhen the reactor shut down for the
push and when the dissolvercut was made

3. Off-gas line release fraction

4. Post-dissolvingrelease fraction

5. Stack condensatefraction

6. Dissolvercut start and stop times

7. Hourly releaseprofileduring cut iodine evolution.

2.1



This informationwas not found in all the detail required in the Hanford

historicaldocument records. However,enough was found so that specificdata

could be used when available,and uncertaintymodeling could be used to fill

in missing information. Uncertaintymodeling requiresthat enough information

be found to constructappropriatedistributionfunctions. The reactor and

separationplant recordsmust, therefore,not only supply primarydata, but

must also supply enough informationto constructthe uncertaintydistribution

functions.

2.2 INFORMATIONBASE

32 The informationbase that providedthe data on the reactoroperations

and the chemical separationplants are discussedin the followingparagraph.

2.2.1 Reactor InformationSources

The P-DepartmentReports (GeneralElectricCompany 1947) are reactor

daily reports. They give power level information(megawatts),daily produc-

tion (megawattdays), number of slugs pushed, and other useful information

regardingthe distributionof power in the reactor each day for the entire

period. This informationis used to estimatethe reactor iodine-131content

on a daily basis for the entire period, lt also provides informationto the

Reactor Model, which will be discussed in a followingsection and in

Appendix A.

2.2.2 B and T Plant InformationSources

33 The 200 Area Reports (Ackenand Bird 1945; Bird and Donihee 1945)

contain daily B and T Plant data from 1944 throughMay 22, 1946, in spite of

the 1945 issue date noted in the references. (Thesewere living documentsand

the 1945 date is the originalHanford EngineerWorks ClassifiedFiles issue

date. Bird and Doniheewas issued in 1945, but received plant data as it

accumulatedthroughMay 1946.) These reportscontain an identificationof

dissolvercuts, and which process step they were in, as of 8 a.m. A sample

page is shown in Figure 2.1. The dissolverbatch number is in the following
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format: Bd24. This means that the cut was from a B reactorpush, the "d"

meant that it was a dissolverbatch number (afterdissolution,stored material

in solutionwas redesignatedwith an extractionbatch number),and the "24"

meant that it was the 24th cut of the month. The cuts are shown as "in the

dissolver"or "in storage."

Unfortunately,no informationis given as to exactlywhat push (date)

from the indicatedreactor is in the dissolver. This is the primaryreference

used to reconstructB and T Plant operationsuntil May 22, 1946.

The Jaech reference (undated)is a computer printoutwhich contains,for

both plants, a monthly summaryof reactor pushes dissolved,the burnup of the

dissolvedpush (MWd),and the exposureof the fuel (MWd/ton). lt also has a

handwrittennotation giving the cut number of the last cut of the month. A

calculatedestimateof the number of tons dissolved in each push can be made

by dividing the burnup (MWd) by the exposure (MWd/ton). lt was used to deter-

mine what part of each reactorpush was dissolved at T Plant, and what part

was dissolvedat B Plant. lt also helped in the reconstructionof dissolver

operationcovered by the 200 Area Reports (Lindvig1945, 1946), since these do

not explicitlyidentifywhich push is being dissolved.

The Metal History Reports (GeneralElectric Company 1946) information

consistsof plutoniumaccountabilityhandwrittenledgerscovering the period

August 28, 1946, to December 31, 1947. A sample page is shown in Figure 2.2.

The dissolverbatch number (called"run number" in this reference),the number

of slugs, and the push date for each dissolvercharge are given, as well as

the date of extraction. This is nearly a complete informationset, except

that the date of extraction is given insteadof the date of dissolution. The

cooling time is the differencebetween cut dissolutionand the reactor shut-

down date for the push. The column labeled "TD" is the number of slugs dis-

solved by the plant since startup.

34 These three referencesform the basis for reconstructingthe "logistics"

of T and B Plant operation: tons dissolvedand coolingtime. There is a

blank period from mid-May 1946, when the 200 Area Reports (Bird 1945) stop and

mid-August 1946, when the Metal History Reports (GeneralElectric
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Company1946) begin. Jaech (undated) provides information on the monthly

pushes dissolved as well as the number of cuts because of the hand-entered

notation of the final cut dissolved each month (i.e., an entry of Dd43 would

mean that 43 cuts were dissolved during the month).

The next major information source required is release fraction informa-

tion. Here, many references were involved. A ftnal selection of the value

and distribution of the various release fractions is provided in the following

section, and each of the references is described in detatl.

The information for developing profiles of hourly releases came from a

single source, Health Instruments Department Logbook HEW-823-L (Ltndvig 1946).

The Health Instruments Department was charged with monitoring plant radiation,

and this reference is essentially many logged radiation surveys taken at vari-

ous sites on the project. Someof the surveys include stack gas sampling mea-

surements of the amount of iodine-131 at approximately 15-minute intervals

taken during cut dissolvings. This same reference also provides time-of-day

information for more than 300 dissolver cuts.

2.3 UNCeRTAiNTYMODELING

3B The uncertaintiesin the data are modeledusing Monte Carlo techniques.

Basically,this involvescharacterizingparameteruncertaintyby specifyinga

distributionfunction for each uncertainparameter. Then a computer run is

made wherein a value of each uncertainparameteris supplied by randomly

sampling the distributionfunction. The output values are recorded. Several

runs are made using different samplingsof the distributionfunctions. The

set of runs then defines the range of possibleoutput values that could result

from input parameteruncertainty.

In this case, we are interestedin hourly iodine-131releases. To model

the data uncertainties,two Monte Carlo models were written.

ss.37 The first of these is the ReactorModel (RH). lt is requiredbecause of

a lack of informationconcerningthe power history of each push. The

P-DepartmentReports (GeneralElectricCompany 1947) provide enough informa-

tion to calculatethe total pile iodine content,but the iodine content of the
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push depends on the location of the discharged process tubes wtthtn the

reactor. The tube powers varied from about 160%of the average tube power

(pile power divided by the number of tubes) located tn the central zones to

about 40% tn the tubes located at the fringe of the reactor. The RH provides

thts needed Information. Appendix A provides detailed information on the

reactor model.

The second model ts the Source Term Release Model (STRM). This model

actually produces the hourly Iodine-131 releases. It samples all key uncer-

tain parameters during each Monte Carlo run. Results from each run (realiza-

tion) are written to various files. At the conclusion of a set of runs (100

realizations is the usual amount), lt writes Iodine-131 averages and standard

deviations in several edit formats: cut-by-cut, daily, monthly, and yearly.

It also produces a "Met. Ftle," which contatns hourly releases for each reali-

zation that is used by RATCHET,the atmospheric wind transport computer model

(Ramsdell and murk 1992).
I

2.40VERVXEW OF THE CALCULATIONS

I A third computercode that models the dissolveroperationwas written to

i provide input to STRM. lt is strictlydeterministicand produces nominal

values of dissolvercharges, cuts, and heels from input reactor pushes and

dissolvingtimes, lt is called DOI. The inter-relationshipof the two Monte

Carlo codes and DOI is shown in Figure 2.3, along with the attendantinput and

output files.

The calculationstarts with the RM. lt has only one input file, which

I containsthe daily power from each of the three reactors from the P-Department

Reports (GeneralElectricCompany 1947) as well as the burnup of every one of

the 226 pushes that were dissolved. Ancillary informationon this file is

used to providewithin-reactorpower distributioninformationto RM. The

REACTORS file provides all the reactor informationto DOI. The PF file gives

results from the Monte Carlo run to STRM.

DOI combines the reactorinformationwith new input for the separation

plants via the SPLANTSfile. lt producestwo input files to the STRM model.
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FIGURE2._l. Iodine-131 Calculation Schematic

The TDZP ftle contatns dissolver cut |nfomatton. The STORMftle conveys
release fractions and release ttmtng tnfomatton to ST_.

ST_ calculates the hourly release rates ustng the three tnput ftles:

PF (from PM), TDIP (from DOI), and STORM(from DOI). It writes a prtnted

summary report file, the MET file, with hourly releases from the Monte Carlo

realizations, and STAT file, which is a record of the sampltng results from
all distribution samplings from all Monte Carlo realizations.
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3.0 OUALITY ASSURANCEAND THE ACHIEVEMENTOF DATA OUALITYOBJECTIVES

In this section,the qualityobjectivesfor this work are describedwith

an evaluationof how well those objectiveswere met. Additionally,the

quality assuranceprocedures implementedare discussed.

3.1 DATA OUALITYOBJECTIVES

This is a retrospectivestudy and the usual procedureof establishing

objectivecriteriafor acceptabledata quality standardsin advanceof data

acquisitioncould not apply. Instead,objectivesof accuracy,precision,com-

pleteness,representativeness,and comparabilityof potentiallyavailabledata

were set (ShiplerIggla). These objectiveswere met.

38.39 The data quality objectivefor accuracy specifiesthat the calculated

monthly releaseestimatesshould be within 25% of the actual releases. The

actual releases are not known; however,over 100 Monte Carlo realizationswere

run incorporatingthe uncertaintiesof known parametervalues. The one stan-

dard deviationrange was within 10% of the mean value. This assures us that

the computedvalues encompassthe actual values with a high probability.

Comparisonswith Anderson (1972)were made in detail and are reported in

Section 5.0.

The precisionobjectiveto provide a range betweenminimum and maximum

values was met by showing the ranges of estimatesand the standarddeviation

where appropriate. All estimateswere subjectto full peer review.

The completenessobjectivewas to cover each day and each operating

separationplant for the period of the report. This objectivewas met in the

sense that enough originaldata sourceswere found to permit the estimationof

iodine-131for every dissolvercut. Any newly discovered source could change

the uncertaintybounds on iodine-131release estimates,but would be unlikely

to change the nominal values.

The representativenessobjectiverequiresthe data to representall

known activities. The P-DepartmentReports (GeneralElectric 1947), the

200 Area Reports (Lindvig1945, 1946), and the Metal HistoryReports (General
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Electric Company1946) are corroborated by the monthly summarydata contained

in Jaech (undated). The P-Department Reports, the 200 Area Reports, and the

Metal History Reports, which formed the basis of dissolver operations recon-

struction, are production records and were concerned with plutonium accounta-

bility. As such, they probably were independently verified, although no

record of this was found. There are many instances where one day's entries

are corrected on the following day, which indicates a review was routinely

conducted. The Jaech reference was also concerned with plutonium production,

but was not a primary production record. It did contain someerrors in the

exposure of several pushes that were known from the P-Department Reports to be

substantially above the nominal goal exposure of 200 MWd/ton. In any case,

the discrepancies are documented in Section 4.2.1. In all cases the

P-Department Reports were used to determine the discharge fuel amounts because

they were primary production records. The peer review confirmed that the rep-

resentativeness objective had been met.

The comparability objective required the monthly summaries of release

estimates to be compared to those of Anderson (1972). Those comparisons are

detailed in Section 5.0 and were verified by a BNWpeer review.

3.2 QUALITYASSURANCEMETHODS

In accordancewith the task plan, all data sourceswere verified and all

calculationsare traceablefrom the initialsource to the result. Hand calcu-

lationswere performedaccordingto Battelleprocedure PAP-70-301;software

proceduresSCP-70-312through318 were followedwhere appropriate. These

assurancemeasureswere verified by projectoffice quality assurancestaff.

The followingparagraphsprovide some specific examples.

The iodine-131content of each push (as calculatedby RM) was verified

by an independentlywritten code. Similarly,the iodine-131content of each

cut from STRM run in the deterministicmode (no Monte Carlo sampling)was

verified against values calculatedby DOI.
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Each sampling result from each distributionfunctionwas recorded from

100 realizationsand analyzed to check that the resultsdid indeed follow the

intended input distribution. This was done for both Monte Carlo codes RM and

STRM.

Data entry from recordswas verified by an independenttechnicalreview.

40 Peer review was accomplishedwithin BNW by HEDR ProjectOffice staff,

three BNW senior scientists,and severalHEDR staff scientists. All internal

commentswere resolved,and the documentedresolutionsare now part of HEDR

project records. The TSP review and comment resolutionsare documented in

Appendix C.

3.3



4.0 RESULTS

The detailswf the reconstructionof reactorand separationsplant

operationsleadingto the releaseof iodine-131are given in this section.

4.1 CREATIONOF IODINE-131BY REACTOROPERATIONS

Iodine-131content in the pile uranium is determinedby solvingthe fol-

lowing differentialequation:

41 dN = y_ _ _aCN _ _ (4.I)
dt

where N = the iodine-131concentrationin nuclei per cm3

Y = the fractionalfissionyield of iodine-131

z:f= the macroscopicfissioncross-sectionin cm-I

@ = the neutronflux in neutronsper cm_ per second

z_a = the macroscopiciodine-131absorptioncross-sectionin cm-I

= the radioactivedecay constantof iodine-131in sec-I

t = time in seconds.

The first term on the right is the productionrate from the fission

process,and the remainingterms are removalterms due to neutroncapture and

decay, respectively.

4_ The solutionof this equationwas simplifiedby neglectingthe removal

term, Ta@, because it is much smallerthan the decay term. This can be shown

by consideringappropriatevaluesof the parameters in the removal term. The

microscopiccross-section(_a)value for iodine-131listed in the ORIGEN2 code

(Croff1980) cross-sectionlibraryfor iodine-131is 0.3229 10.24cm2. The

value _ is In2/(8.04days x 86400 sec/day)= 9.98 x 10.7sec"I. The Hanford

reactor neutronflux was approximately10+14. Since Z:a = N x _a, the removal

term on the right side of Equation (4.1) can be rewrittenas:
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41 CaCN + _N = N(_a@ + X) = N(0.3229x ]0-24x 1.0 x 10+14

+9.98 x 10-7) "XN

Also, the flux and the macroscopicfission cross-sectioncan be removed by

expressingthem in terms of the reactor power level P:

P = _f¢

where K is the thermal energy per fission.

With these approximationsand substitutions,the solutionto Equa-

tion (4.1) is:

N(t) = Y--_P(I -e -xr)
KX

4_ Using 3.7 x 101°dis. sec-zCi"1,201.72 MeV per fission (Croff 1980), an

iodine-131fissionyield of 0.0289 (Croff 1980), 1.60176x 10-19watt sec/MeV,

and moving the decay constant to the left-handside of the equationgives the

final expressionfor the number of curies of iodine-131in the pile, which has

operated at P megawatts for t days and then decayed (operationat zero power)

for T days"

4s.53 Ci = 24174 P (I - e _.0862t)e _.O86ZT (4.2)

In practice,the reactor power varied from the d_igned power level of

250 MW to zero at shutdown. Severalweeks at constant power level would be

required for the iodine-131to reach a steady state (saturation)where the

formationrate was equal to the decay rate.

After 53 days of operation,the iodine-131contentwould be within I% of

the 24200 P saturationvalue. To account for the daily fluctuationsin pile
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iodine-131content,daily reactorpower levels from General Electric Company

(1947) supply values for Pi in the followingequation"

45,53,69 i=N

Ci = 24174 (I - e -0.0862) _ Pie -0.0862(i-I) (4.3)
i=I

where the index i runs backwardsin time, i.e., i=I on the day of the calcula-

tion and i=N for the Nth day before i=I. This accounts for all of the buildup

and decay of iodine-131from the daily power operatinghistory (Pi)for N days

prior to the day of the calculation.

47 Equation (4.3) gives the iodine-131contentof the entire pile. This

must be relatedto the iodine-131content of the fuel in each discharge; To

do this, a knowledgeof the average specificpower (MW/ton)generatedby the

dischargedfuel is required. This, expressedas a ratio of push power to

average pile power, is called the peaking factor of the discharge (PF). This

is a constant multiplieron each Pi of Equation (4.3),which converts the pile

power to the power of the push. Thus, the iodine-131content of each push Cid

is given by"

45,53 i=N

Cid = 24174 PF(I - e-°'°e62)_E] PIe-0.°BB2(i-z) (4.4)
i=i

48 The calculationof the peaking factor is explained in detail in Appen-

dix A in terms of a simplified25-ringmodel. For the 244-ring model used in

the calculation,the peaking factor ranged from 0.4 to 2.0, dependingon when

a particulardischargeoccurred. Since the dischargeburnup goal was fixed at

200 MWd/ton, the highest-poweredtubes were the first to reach this goal and

the first discharged. Higher-poweredtubes were dischargedmore frequently

than lower-poweredtubes from the fringe zone of the pile. The long-term

averagevalue approaches 1.10, but this does not occur within the 3 years of

the early period,which necessitatesthe approachtaken in Appendix A. During

1945 when cooling times were short (i.e.,down to 30 days in a few instances),
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the fuel being dischargedwas from newly started-upreactors. Most of it was

coming from the higher-powered(more iodine-131-rich)regions of the three

piles becausethese regionswould be the first to reach the 200 MWd/tongoal

exposure.

The ReactorModel uses four distributionsto describe the uncertaintyof

its two principaloutput variables: peaking factor (PF), and daily iodine-131

content (ICON). Distributionswere used for the followinginput variables:

• daily pile power (DPP)

• daily ratio of pile power to maximum tube power (ECT)

• the number of tons of uranium in the pile (LOAD)

• the number of tons discharged (PUSH).

49 A given dischargenormallycomprisedmaterial from more than one modeled

reactorregion. The PF was calculatedfor each dischargeby mass weighting

the ratio of the power in the modeled reactor region of origin to the pile

power for each of the modeled reactorregions contributingmaterial to the

discharge. Hence, the uncertaintyin DPP, modeled reactorregion power, and

number of tons in the push were used as appropriatemultipliersto perturb the

nominalvalues of these quantities.

The iodine content of each dischargein Ci of iodine-131per ton was

calculatedusing Equation 4.3. The calculationinvolvesDPP, ECT, and LOAD as

multipliersof P, the pile power in Equation4.3.

The followingis a listingof the distributionsfor these parameters in

RM and their technicalbasis:

DP___PP.A uniformdistributioncentered on 1.0 with a range of ±5%.
This representsthe measurementuncertaintyin pile power.
The pile power is based on a simultaneousmeasurementof
pile coolant flow rate, inlet temperature,and outlet
temperature. The equation is:

Power (MW) = 0.2635 x Flow (KGPM) x (Toutlet-Tinlet) (4.5)
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where the temperaturesare in degreesCelsius. Typical
uncertaintiesfor both flow and temperaturemeasurements
were less than 5%. Hence, combinedproduct uncertaintyof
5% is a reasonableestimate.

62,63 ECT" The P-DepartmentReports (GeneralElectricCompany 1947) includea
daily quotientof pile power divided by the average power of
usuallythe ten highest-poweredtubes in the pile. This was
called EffectiveCentral Tubes or ECT. If the distributionof
power within the pile were completelyuniform, then all tubes
would have the same power, and ECT would equal the number of
physicaltubes. Indeed,the radial power PF is the ratio of
physicaltubes to ECT. Thus, the ECT number is a daily measureof
the radial power peaking in the pile. The daily variationin this
number is estimatedto be within 10% based on the author'sper-
sonal experienceof daily Hanfordreactor operations. Specific
reportsaddressingthis subjectwere never written becauseit was
not consideredpertinent;hence, firmer referenceswere not
located. A uniformdistributionwith a ± 10% range was selected
for ECT.

LOAD" The P-DepartmentReportsdid not log the pile loading. How-
ever, a pile inventorywas estimatedfrom the recordsof
material charged and discharged. The possibilitythat there
could be some error becauseof the required interpretation
of the recordednumber of slugs charged and dischargedled
to an estimate of ±3% for this uniformdistribution.

PUSH: The numberof slugs in each push was given directly in the
P-DepartmentReports (GeneralElectricCompany 1947).
Accountingerrors were judged to be in the ±1% range. A
uniformdistributionwith this range was, therefore,used.

4.2 DECAY OF IODINE-131FROM DISCHARGETO DISSOLUTION

64 From December 1944 through May 22, 1946, the reconstructionof dis-

solver operationswas based on the 200 Area Reports (Ackenand Bird 1945;

Bird and Donihee 1945). These reports did not specify the reactor pushes

being dissolved,but the cut identificationindicatedthe reactorof origin.

The standard dissolvercharge was 840 slugs or 3.3 tons (840 slugs x

7.85 Ib/slugx I ton/2000 Ib - 3.3 tons). A queue of oldest-fuel-first,based

on P-DepartmentReportsof pushes and guided by the Jaech (undated)listingof

monthly pushes dissolvedat each plant, was set up, and 3.3-ton chargesfrom

this queue were loaded into the dissolverto match the patternof indicated

transition points. These were cases in which pushes from one reactor changed
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to pushes from anotherreactor. In some instancesit was necessaryto change

the 3.3-ton charge to meet the indicatedtransitions,as no doubt occurred in

actual operation. This strategywas followeduntil May 22, 1946, when the

informationsource stopped.

4.2.1 Plant Operation

The following is an accountof the reconstructedoperations at T and

B Plants.

December 1944 and January 1945

Before December 26, 1944, unirradiateduraniumslugs had been used in

test runs of the dissolvingoperation. In addition,slightly irradiatedura-

nium received from Oak Ridge ("ClintonTracer"material) and 32 slugs from

B Reactor, dischargedon November7, 1944, at 16 MWd/ton (GeneralElectric

Company 1947), were dissolved. These dissolverruns on inactivematerial are

shown in detail in a table at the bottom of page 64, HanfordTechnicalManual

(Dupont1944). The first dissolutionof activemetal dischargedfrom B Reac-

tor occurred at T Plant on December 26, 1944 (Dupont1946, pg 45). Acken and

Bird (1945)show that the dissolverbatch designationfor the December 26 dis-

solutionwas T-4-12-B5 (! plant, 1944, Month !2, B reactormaterial,Sth cut

of the month). The material dissolved in prior cuts did not contain signifi-

cant amountsof iodine-131because it was either completelyunirradiated,or

experiencedsuch a low level of irradiationthat the iodine-131contentwas

insignificantcomparedto the material dissolvedon December 26.

The amount of material dissolved in the three December cuts (T-4-12-BS,

T-4-12-B6, and T-4-12-B7)was 3.5 tons, as shown in the table at the bottom of

page 62 in West (1945). The informationin the table indicatesthat 3.5 tons

of irradiateduraniumwas shippedfrom the 200 N interimstorage area to

200 Area Separationson December 23. The next shipmentof 3.7 tons was not

received until December30, accordingto the next table entry. This material

was dissolved in January 1945.
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sz The 3.5 tons would be 892 slugs (7.85 pounds per slug [Dupont 1944]),

which is slightlylarger than what was to become the standard840-slug dis-

solver charge (8 buckets of 105 slugs each). The "heel"would comprise rela-

tively inactivematerial left over from the previous cuts. The combined

December shipmentsfrom 200 N Area are 3.5 tons and 3.7 tons for a total of

7.2 tons. This is confirmedin part by the Jaech reference(undated),which

shows a subtotalof 7.22 tons. Bird and Donihee (1945)show that three cuts

were made on January I, 1945. Therefore,the three cuts must have come from

all 3.7 tons from the December30 shipment. West (1945)states that another

shipmentof 0.7 tons left 200 N on January 13, 1945. Jaech (undated)states

that 7.22 tons an___dd0.74 tons were dissolvedin January 1945. Bird and Donihee

(1945)and West (1945)are clear that 3.5 tons of this were indeeddissolved

in December,and that the 3.7 tons shippedon December 30 were dissolvedon

January I, 1945. The total January shipmentsfrom Jaech (undated)are

7.22 + 0.74 = 7.96 tons. The P-DepartmentReports (GeneralElectricCompany

1947) state that 2048 slugs were dischargedduring the outage that started on

November 29, 1944. That would be 8.04 tons. In this case, a total of

7.96 tons from the November 24, 1944, push from Jaech (undated)contrasts

slightlywith the 8.04 tons from the P-DepartmentReports. In reconstructing

the amount of material dissolved,the amount of material listed in the

P-DepartmentReports (GeneralElectricCompany 1947) is taken as the primary

source in all cases. In the presentcase, the 0.74 tons from the Jaech refer-

ence (undated)is increasedto 0.82 tons to match the 8.04 tons of November 24

push from the P-DepartmentReport:

Jaech (undated): 7.22 + .74 = 7.96.

HEDR reconstruction: 3.50 dissolvedDecember
3.72 dissolvedJanuary

dissolvedin February
8.04 Total for 11/24/44push.

February 1945

52.65 Jaech (undated)states that 5.8 tons were dissolved in six cuts from the

push 12/20/44. The P-DepartmentReports (GeneralElectricCompany 1947) list
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1947) list 1536 slugs discharged or 6.03 tons from this push. In the HEDR

reconstructionit was concludedthat 6.03 tons were dissolvedfrom this push

plus the 0.82 tons left over from the 11/24/44push. The first dissolver

charge was 3.425 tons of mixed 11/24/44and 12/20/44material and a second

charge of 3.425 tons of pure 12/20/44material followed. The dates of

dissolutionare taken from Acken and Bird (1945) and Bird and Donihee (1945)

for this and all subsequentcases.

March 1945

66 According to Jaech (undated),6.57 tons from the 1/18/45push were dis-

solved in six cuts. The P-DepartmentReports for this push show 6.67 tons

discharged (1699 slugs). Acken and Bird (1945)corroboratethis and provide

dates for the six cuts. Accordingly,in the HEDR reconstructionit was con-

cluded that 6.67 tons were dissolvedin two chargesof 3.335 tons each. By

March, dissolveroperationwas approachingthe standard charge of 3.3 tons

(840 slugs).

April 1945

The startupof B Plant in April is documentedin Dupont (1946) on

page 65, "The first dissolvingof activemetal in B Plant was made on

April 13, 1945." In the last paragraphon this page it states, "In starting

T Plant, this heel was built-up with reject, inactivemetal. In the B Plant

start-up,where no inactivemetal runs were made, it was necessaryto use

active pile metal for the heel. Similarly, in June 1945, when a second dis-

solver was placed in operation in both plants,both heels were built up of

active metal." This means that either each dissolverreceived an initial

charge of 4.4 tons, and acid was added to dissolve only 3.3 tons in three cuts

of 1.1 tons each, or that a standard 3.3-toncharge was loaded and only 2 cuts

were taken. Acken and Bird (1945) and Jaech (undated)show B-5-O4-B11 as the

last cut of the month, which would indicatethat nine cuts were dissolvedin

the standardway and two cuts were taken from the first push dissolved

(2/22/45B). Since D Reactor fuel was now being dissolved for the first time,

pushes will be identifiedby date and a letter indicatingthe reactorof

origin (B, D, or F).
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The four pushes were processed both at B and T Plants according to aaech

(undated), which provides information on what part of each push went to the

two separations plants. This was adjusted slightly to agree exactly with the

P-Department Reports (General Electric Company]947) discharge total. Nearly

all estimates of the charge makeupare close to 3.3 tons throughout the month,

indicating excellent agreement between the three primary references: General

Electric Company(1947), Acken and Bird (1945), and aaech (undated).

Hay 1945

As in April, agreement is good between primary sources, and the charge

makeup is only slightly above the 3.3-ton standard. There is an apparent

error in the 200 Area Weekly Reports (Acken and Bird 1945) in the designation

of T Plant cuts Bd-4, 5, and 6. aaech (undated) shows that 3.31 tons of push
3/28/45 D were dissolved during the month. Later on in the month Jaech

(undated) indicates there were six cuts, Dd-I3 through Dd-]8, taken from
6.68 tons of 4/19/45 D. (The tonnages are adjusted sltghtly to agree exactly

with P-Department Reports [General Electric Company1947] records: 3.31 to

3.34 and 6.68 to 6.69 for the HEDRreconstruction.) In order of processing at

T Plant, 3/22/45 B would be the first batch reprocessed (cuts Bd-1, 2, 3),

then 3/28/45 D should be next, but the next three batches are designated Bd-4,

5, 6 instead of Dd-4, 5, 6. The HEDRreconstruction (Table 6.1 and 6.2, Vol-

ume II) reprocessed the D fuel at this point, but retained the 200 Area Neekly

Report (Acken and Bird 1945) cut designations.

June to December ]945

At B Plant, the amount charged to the dissolvers in the HEDRreconstruc-

tion varied from a low of 3.17 tons to a high of 3.43 tons, with all changes

in the reactor source of the push made as indicated by the cut identification

from Bird and Donihee (1945). At T Plant, the reconstructed amounts charged

varied from 3.25 to 3.49 tons with the exception of the period 12/12/45 to

month end, when the available spent fuel dictated that an average charge of

only 2.94 tons could be maintained.

During September, an attempt to sort slugs on the basis of burnup was

made in an effort to isolate lower-exposure fuel for reprocessing (Nest 1945).
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The procedure monitored the gammaacttvtty wtth an underwater Ionization cham-

ber to identify slugs that had occupted the center sectton of the process tube

durtng thetr in-pile residence. No accounting of this matertal was made tn

the records that were recovered. These segregated center slugs would have a

higher-than-average iodine-131 content. To account for the possibility that

higher Iodine-131 releases may have occurred durtng September, a larger uncer-

tainty was assigned to batches dissolved in September.

A campatgn of processing high burnup material, obtatned by delaytng

discharge of selected tubes unttl the average exposure neared a goal of

400 MWd/ton, was Initiated at T Plant during the months of December ]945

through March 1946. This ts established by burnup calculations based on

P-Department Reports. Curiously, Oaech (undated) shows burnups for thts

material tn the normal range (around 200 MWd/ton). Here agatn, the reactor

records are considered to be of htgher qualtty and are the source of dis-

charges used in the HEDRreconstruction. The htgher discharge burnup of thts

material was obtained by extending the 1n-pile residence time and by selecting

high-powered tubes. Slugs from these tubes had a larger-than-average iodine

content. This is accounted for tn the reactor model, which selects higher-

powered tubes to obtain the required discharge goal burnup of 400 MWd/ton.

January 1946

The reconstruction of T Plant operations during the month was enttrely

regular with all dissolver charges of 3.3 tons and the pattern of pushes indi-

cated in Bird and Donthee (1945) duplicated.

At B Plant, not enough eligible material, as Indicated by the

P-Department Reports, was found to supply the 2] cuts (Fd-7 through Fd-27)
indicated in the 200 Area Weekly Reports (Btrd and Donihee 1945). This was

compoundedby an apparent over-abundance of push 12/04/45 B that followed the

F cuts. There were nine cuts marked from B Reactor, but this push was

13.6 tons, slightly over ]2 cuts at the standard 1.1 tons per cut. The last

three cuts from F, Fd-25, 26, and 27, were loaded with B Reactor fuel from the

12/4/45 push, and the 21F cuts were light loaded at 2.95 tons per charge

instead of the standard 3.3-ton charge. Thts solved both problems of the

apparent paucity of F fuel and the over-abundance of B fuel. Although no
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anecdotal references were found to support this reconstruction stratagem, it

is quite wtthin the scope of norm] operations that more than three cuts per

charge were made to lower the amount of heel in the dissolvers without any

special note being made (Acken and Bird 1945; Bird and Donihee 1945). This

would lower the amount per cut and would be equivalent to light charging and

taking three cuts as far as the amount of fuel dissolved is concerned. It

would also preserve enough F fuel (only a few slugs would be enough) to cause

the ]ast three cuts to be labeled as F fuel when the bulk of the charge was,

in fact, made up of 12/04/45 B fuel.

February throuah April _94_

The reconstructionof T and B Plant operationswas regularduring this

period with the charge ranges of 3.22 to 3.31 at T Plant and 3.29 to 3.56 at

B Plant.

May throqqhAuqust 1946

The 200 Area Weekly Reports (Bird and Donihee 1945) stop during the

month of May with the last entry on 5/22/46. The reconstructionthen depends

on informationfrom Jaech (undated). This provides a monthly summaryof the

pushes and the amount from each dissolvedeach month at T and B Plants. As

stated before,this referenceactuallysupplies the energy generated in the

) fuel of each push as well as the averageburnup of the discharge hence theI

tons discharged are calculatedby dividing energy by burnup. Also as before,

the amount of each push dissolved is balanced exactlywith the amount dis-

chargedas given in the P-DepartmentReports (GeneralElectricCompany 1947).

Unfortunately,there is no informationgiven on the day of the month

when dissolvingoccurred until the Metal History Reports (GeneralElectric

Company 1946) begins on 8/17/46. During this "blankperiod," a monthly aver-

age spacing (days per cut) was used. This was made possible because Jaech

(undated)gives the final cut of the month, which establishedthe number of

cuts taken during the month. The spacingsused are shown in Table 4.1.

6I.B B Plant averagedmore than one cut per day, while T Plant was less than

one cut per day. To assign cuts to days by a uniformmethod for both plants,

an integerround-offtechniquewas developed. The number of cuts in a month
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TABLE4.1. T and B Plant Average Days Per Cut for the Blank
Period 5/22/46 Through 8/20/46

Start End Start End
......Month Cut....._s.sDays Days/Cut Cut Cut Date Datei

May 46 19 10 0.52632 Dd-35 Fd-53 05/22 05/31

June 46 42 30 0.71429 Fd-54 Dd-41 06/01 06/30

July 46 44 31 0.70455 Dd-42 Dd-43 07/01 07/31

Aug 46 45 24 0.53333 Dd-44 Dd-37 08/01 08/24

May 46 5 10 2.0000 Bd-26 Bd-30 05/22 05/31

June 46 21 30 1.4286 Fd-1 Dd-21 06/01 06/30

July 46 26 31 1.1923 Dd-1 Fd-26 07/01 07/31

Aug 46 1 1 1.0000 Fd-26 Fd-27 08/01 08/01

plus one were divided by the number, N, of days in the month to give an

integral number of cuts per day plus a fractional remainder. The days in the

month were indexed from ] to N. The fractional remainder of the average cuts

was summedfrom 1 to N. Every time the sum crossed an integer, that day had a

cut added to it. This gave a reasonably uniform pattern of days that had two

cuts for B Plant, and days that had zero cuts at T Plant. It also gave the

correct total number of cuts per month. At T Plant, the range of the uniform

distribution function representing the uncertainty of the cooling time (DCT)

was increased from +1 day to _+2days during this period to reflect the
uncertainty in date of dissolution.

At T Plant, a special situation occurred in August. There were only six

cuts taken according to Jaech (undated). The Metal History Reports (General

Electric Company1946) shows that the first of these, Fd-] , was in extraction
(the step following dissolving and storage) on August 20.

An average period of 3 days is assumed for the lag between dissolution

and extraction (as will be discussed shortly). This meansthat Fd-1 would
have been dissolved on August ]7. This effectively terminates the blank

period for T Plant (i.e., all subsequent dates of dissolution will be taken
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from the Metal History Reports [General Electric Company1946]). Jaech

(undated) lists Fd-26 as the last cut of July. Assuming that three cuts per

charge were taken, there must have been an Fd-27, which would have been dis-

solved in August and was not included in Jaech (undated). It was assumed that

it was dissolved on August 1 because date spacing in July had been running at
one per day.

4.2.2 DistrlbqtionFunctions

The distribution functions reflecting uncertainty in the dissolver

operations and iodine-131 content in STRMare described below.

Defining C(I) to be the number of curies of Iodine-131 in some particu-

lar dissolver cut I, STRMfirst calculates C(I) based on the nominal values of

the parameters. It then proceeds to calculate a posstble number of curies

CP(I) for the current Monte Carlo realization where an N has been added to the

nameof the distribution being sampled to indicate the value which resulted

from sampling that distribution (i.e., DCTNis the value obtained from sam-

pling the DCT distribution):

CP(I) = e'LAMBDA'DCTN-c(I)"PHYSICSN-MASSN(I)

The sampled variables are:

DCTN = Delta Cooling Time, a positive or negative number of days
sampled from the DCTdistribution expressing the uncertainty
in the cooling time.

_.69 PHYSICSN= A multiplier which expresses the uncertainty in the constant
24,174 in Equation 4.3 because of the uncertainty in the
nuclear parameters energy per fission (MeV/fie) and iodine-
131 fission yield. It is the result of sampling the PHYSICS
distribution.

MASSN= A multiplier which expresses the uncertainty in the number
of tons dissolved. It results from sampling the MASS
distribution.

LAMBDA= The decay constant of iodine-131. This is constant at
0.0862. It is not sampled (i.e., it is assumed knownwith-
out error).
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The amount released, AP(I), is calculated as the product of CP(I)-RFACN,

where RFACNis a release factor that results from sampling the RFAC
distribution.

s4.7o After AP(1) is calculated,a further set of sampledvariables is used to

determinethe release timing for a particularMonte Carlo pass. The duration

of dissolvercut I, denoted TD, is TD - 8 + DLENGTHN (see Table 4.2 for

definition). DLENGTHN is a positive or negative integer,which results from

samplingthe DLENGTH distribution. The nominaldissolvingtime is 8 hours

(Lindvig1945 and 1946).

ss The fraction of AP(1) releasedduring the Jth hour of dissolving (J-l,

DLENGTHN)is FAP(I,J). FAP(I,J)- PROFILEN(DLENGTH,J).AP(1),where PROFILEN

is a fraction that results from samplingthe PROFILE(DLENGTH,J)distribution.

The PROFILE(I,J)is a set of distributionfunctionsbuilt into STRM. The sum

of PROFILE(I,J)over J-l, DLENGTH is normalizedto unity to preserve AP(1),

the number of released curies of iodine-131.

Having determined the hourly releases,the timing of the release is then

determined. Some of the start times are known and, in a few cases, the stop

times are also known. When both are known, DLENGTH is not sampled. When only

the start time is known, it is used and the sampling regime is carried out.

From December 1944 through May 1946, the timing informationcomes from the

200 Area Weekly Reports (Ackenand Bird 1945; Bird and Donihee 1945). This

referencereports on the cuts in the dissolver at 8 a.m. If a particularcut

is reported to have gone out of the dissolverfrom one day to the next, it

must have completeddissolvingon day shift (8 a.m. to 4 p.m.) of the first

day or on swing shift (4 p.m. to midnight)or graveyardshift (midnightto

8:00 a.m.) of the followingday. In that case, all shifts are considered

equally probable,and a uniformdistributioncovering the integerrange from I

to 3 is sampled. After June 1945, because of more favorableatmosphericcon-

ditions,dissolving on day shift was prohibited (Dupont1946). This reduces

the choice to two shifts: swing and graveyard. In this case, a uniformdis-

tributioncovering the integerrange from I to 2 was sampled.

In a few instances,two cuts shown in the dissolvingstage are not there

on the next day. In that case, the first one was assumed to be dissolvedon
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swing and the other on graveyard if it occurredafter day shift dissolvingwas

prohibited. If daytime dissolvingwas permitted,then a choice betweendays

and swing is made by sampling a uniformdistributionwith a range of I to 2.

If days is selected,then anotheruni,_ormI to 2 samplingis made to select

either swing or graveyard. If swing is selected,then the other cut is

dissolvedon graveyard.

After the shift is selectedby input or by the samplingtechnique,the

within-shifttiming (SHIFTHRN)is determinedby samplingfrom the SHIFTHR

distribution.

After August 17, 1946, the principalsourcesof dissolvinginformation

are the Metal History Reports (GeneralElectric Company 1946). This source

gives the date of cut entry into the extractionstep of the bismuth phosphate

separationprocess. This step followsdissolving, lt was necessaryto

develop a distributionfor the number of days betweendissolvingand extrac-

tion. This is the LAG distribution. A nominalvalue of 3 days is subtracted

from the extractiondate to determinea nominaldissolvingdate. The time of

dissolutionfor a given Monte Carlo realizationis calculatedby algebraically

adding LAGN to the nominal dissolvingdate, where LAGN is the result from sam-

pling the LAG distribution.

Not all the iodine-131is releasedto the dissolveroff-gasline, as

explained in Section 1.3.1. There the effectiverelease fraction is given by

RFEFF = RFI - RF2 + RF3, where RFI is the fraction releasedto the off-gas

Iine, RF2 the fractionof condensatecollectedat the stack bottom, and RF_

the fractionremaining in solutionand releasedduring subsequentprocessing

steps. RESIDUAL is the distributionthat models the uncertaintyin RF3.

The remainingdistributionis HU, the heel uncertainty. In the DOI

module, a constant 1.l-ton heel is assumed (i.e., 1.1 tons of each fresh

charge remains after the specifiednucber of cuts plus current heel are dis-

solved). During a Monte Carlo realizationin STRM, this nominal 1.l-ton heel

is varied by sampling an amount HUN from the HU distribution:

HEELN = 1.1 + HUN, where HEELN is the mass of heel for run N.
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The distributionsare summarized in Table 4.2. The specificdistributions

selected are descr!hedbelow.

DCT" Delta coolingtime is a uniformdistributionfrom -1 to +I.
Sampling interval is every cut. This is the uncertaintydue to
whole-day representationof push date and dissolvingdate. At
most, this could add or subtracta l-day intervalbetween the
push and dissolvingtime. For example, using this diagram:

x.... I.... x.... I.... x.... I.... x- I -x
0 1 2 3 4

Day I Day 2 Day 3 Day 4

TABLE 4.2. SampledVariable Summary

VAR VariableDescription

DCT Delta CoolingTime, returnswhole number of days around nominal
cooling time. Additive;that is, if it returns a zero, it uses
the nominal.

RFAC Release Factor,returns a factor. If 1.0, it uses the appropriate
input value, RFAC(1).

SHIFT Shift dissolvingstarts.

DLENGTH Length change from the nominal8-hour dissolvingperiod in hours.

SHIFTHR Delay in dissolvingafter shift start, in hours.

PROFILE This is a routine that allocatesthe iodine released in each cut
to the specific hour of the dissolverrun.

PHYSICS Variationin basic physicalconstants,Mev/fission,and iodine-131
fissionyield, which are containedin the constant 24174 of the
basic iodineequation.

MASS Amount of fresh charge and heel dissolved in each cut. This is a
multiplieron the nominalmass dissolved.

HU Heel Fraction. This is an additive quantitywhich varies the
nominal 1.l-tonheel.

LAG Elapsedtime betweendissolvingand extraction, lt is necessary
becauseone separationplant reference (GeneralElectricCompany
1946) gives the time of extraction,not dissolution.

RESIDUAL The fractionof dissolver iodine-131not in the dissolveroff-gas,
which escapesduring po_t-dissolutionprocessingover a 4-day
period.
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Whole-day accounting would call this a 3-day interval. Mid-day
center line on day 1 would be subtracted from the mid-day 4.
If the push occurred slightly after 0 and the dissolving
slightly before 4, then the maximumactual interval would be 4
days. If the push occurred slightly before 1 and the dissolv-
ing occurred slightly after 3, then the minimum interval would
be 2 days. Since there is no additional information on the
distribution, a uniform distribution is used. With an 8-day
half-life, the 2-day uncertainty range in iodine-131 concentra-
tion is 16% because of this distribution.

In the period from mid-Ray through the end of Ray 1946, at
T Plant after the 1ast information from the 200 Area Weekly
Reports (Bird and Donihee) stop, production was at the rate of
approximately one-half cut per day. Assuming a uniform rate,
this adds an additional day to the uncertainty. For this
period at T Plant the range of the uniform distribution is
increased from _+1to +2 days.

SHIFT: Shift that dissolvingoccurred. The 200 Area Weekly Reports
(Ackenand Bird 1945; Bird and Donihee 1945) give a cut status
report as of 8 a.m. each day. If a particularcut is shown as
"dissolving,"then that cut was at least loaded into the dis-
solver. Nothingmore is known;that is, it may have been just
loaded, in the cladding removal stage (no iodine-131in the
off-gas),or activelydissolving. However,when the same cut
is shown as "in extraction"for the followingday, then dis-
solutionwas definitelycompletedduring the 24-hour interval.
This leaves three logicalpossibilities: day shift, swing
shift, or graveyardof the followingday. This situationis
designatedDSG. An equallyprobable sampling is then done on
these three shifts. In many cases the situationmay be
improved upon. For example, beginningin June 1945 there was a
prohibitionon daytime dissolving (Dupont1946, p. 67). There-
fore, DSG is reducedto SG during this period. Another situa-
tion exists when more than one cut was dropped from dissolving.
Since only one cut could be dissolvedat a time, two cuts dis-
solved would mean that the first one would be designatedDS and
the next one SG. Or, if it occurredwhen day shift dissolving
was prohibited,then the first cut would be on swing shift and
the other on graveyard. Each cut is assigned a shift desig-
nator (D, S, G, DSG, SG), and an equallyprobable choice is
made betweenthe availablelogicalpossibilitiessubjectto
selectionrules. That is, for a DS-SG set of possibilities,if
D is selected for the first cut, then the selectionfor the
second one is still SG, but if S is selected for the first one,
then G is simultaneouslyselectedfor the second one, etc.

s6
DLENGTH: Variationin the length of dissolutionaround the 8-hour nomi-

nal is a triangulardistributionwith a range of +4 hours cen-
tered on 0.0. This variable is sampledfor each cut. The
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basis for this is a set of 15 stack gas activityprofiles from
the Health InstrumentsDepartment Logbook,HEW-B23-L (Lindvig
1946). The data is summarizedbelow in two differentways:

Bin 1 Number Number

(hr) in Bin Bin 2 (hr) in Bin

0.0-6.0 3 0.0-6.0 3

6.0-7.0 2 6.0-8.0 7

7.0-8.0 5 8.0-10.0 3

8.0-9.0 I I0.0-12.0 2

9.0-10.0 2 0

I0.0-II.0 I 0

11.0-12.0 1 0

Total 15 15

Becausethese are both peaked distributions,a triangulardis-
tributionwas selected. The range of _+4hours was chosen to
match the PROFILEdistributions,which cover the range of 4 to
12 hours in l-hour increments. The range choice is consistent
with the variationthat might occur with such a small sample
size.

SHIFTHR: The starting hour of dissolvingwithin a shift,which is added
to the starting hour of the shift, is a triangulardistribution
with a minimum at 0.0, mode at I and maximum at 3, sampled at
every cut. This distributionis used, along with DLENGTH, to
express the uncertaintyin timing of the dissolveroperation.
In qualitativeterms, it is certain that all dissolvingdid not
start in the first hour of the shift. In order to complete the
operationwithin the 8 hours, a long delay would have been
infrequent. The triangulardistributionchosen limits the
delay to 3 hours (i.e., before mid-shift)and provides some
variabilityin the dissolvingstart times.

PROFILE: This not a distributionfunction,but rather a sub-routinethat
selects from a group of distributionfunctions. Its function
is to allocate a fractionof the total iodine-131released in
each cut to each hour of the dissolving run. The basis for
this is an analysisof 17 measured profilesof stack gas
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activity from the Health InstrumentsDepartmentLogbook,
HEW-823-L (Lindvig1946). Figure 4.1 is a plot of all 17
runs. The actual time during the run is normalizedso that all
run profiles may be compared.

71 The data are divided into fractionsfor analysis. For a
4-hour run, the data set is divided into four equal fractions.
A distributionfunction is determined for each of the four
fractions. A 5-hour run is divided into fifths and a set of
five distributionfunctionsdetermined,etc. This procedure
produced 13 sets of distributionsfor dissolver runs from 4 to
16 hours in length. Of these, only nine were required to
cover the 4- to 12-hourrange resultingfrom the DLENGTH dis-
tribution. The data in each division were plotted and a form
for the distributionfunctionselected. Where a triangular
distribution appeared to represent the data best, a maximum
likelihood technique was used to determine the range and mode.

Two additional criteria were applied to candidate profiles from
this process.

1. No up-turned ends. The fraction selected for the second
period had to be greater than the first period, and the
next-to-last had to be greater than the last.
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FIGURE 4.1. Relative Iodine-131Activity During Cut
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s7 2. Smoothing. Successive values could not change by more
than one half the meanvalue. For example, for a 4-hour
run, each successive fraction would have to be within 1/4
x 1/2 = 1/8 of the previous value.

Sampledsetsnot meetingthesecriteriawerediscardedand
samplingwas repeated. For eachrealization,the selected
valuestrueof PROFILE(Z,J)weredividedby3jPROFILE(I,J).
Figure4.2 showsresultsfrom100 runsfor a IB-hourduration
profile,chosenfor illustrativepurposesbecauseit provides
more intervals.The broadfeaturesof the originaldata are
reproduced:the compositeprofiletendsto be convexupwards,
and the rangesmimicthe originaldata rangesfairlyweil.
The functionsare shownin Table4.3.

PHYSICS: Uncertaintyin principalphysicalconstantsof iodine-131equa-
tionswas representedby a piece-wiseuniformdistribution
approximatinga normaldistributioncenteredon 1.0with a
standarddeviationof 0.05. One-sixthof the areawas between
o.g and 0.95,two-thirdsof the areabetween0.95 and 1.05,and
one-sixthbetween1.05 and 1.1. Thisdistributionis sampled
by LatinHyperCube at the beginningof each MonteCarloreali-
zationbecauseit is not consideredto vary with eachdissolver
cut. The basisof this is the uncertaintyaroundthe measured
energyper uranium-235fissionof 201.72Mev (Croff1980),and
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FIGURE4.2. Modeled1-131ReleaseProfile: 16-HourCut
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TABLE 4.3. PROFILE (L,J) the DistributionFunctionsfor Hourly
Release Allocation

L J Min Mode Max L J Min Mode Max
•,tamm _m mlm

4 I 0.083 0.242 0.316 9 I 0.018 0.103 0.120
4 2 0.219 0.277 0.389 9 2 0.045 0.108 0.169
4 3 0.250 0.251 0.363 9 3 0.081 0.106 0.200
4 4 0.121 none 0.272 9 4 0.094 0.135 0.167
5 1 0.057 0.166 0.261 9 5 0.103 0.124 0.174
5 2 0.187 0.188 0.329 9 6 0.111 0.111 0.167
5 3 0.186 0.232 0.308 9 7 0.074 0.110 0.155
5 4 0.163 0.200 0.272 9 8 0.052 0.101 0.143
5 5 0.085 none 0.226 9 9 0.042 none 0.110
6 1 0.043 0.131 0.214 10 1 0.018 0.072 0.108
6 2 0.106 0.161 0.275 10 2 0.037 0.099 0.160
6 3 0.144 0.203 0.249 10 3 0.060 0.098 0.176
6 4 0.167 0.174 0.252 10 4 0.094 0.094 0.160
6 5 0.104 0.165 0.224 10 5 0.087 0.121 0.156
6 6 0.063 none 0.184 10 6 0.100 none 0.149
7 1 0.033 0.108 0.177 10 7 0.099 0.100 0.143
7 2 0.071 0.146 0.227 10 8 0.059 0.097 0.139
7 3 0.123 0.156 0.225 10 9 0.045 0.075 0.135
7 4 0.131 0.171 0.220 10 10 0.034 none 0.099
7 5 0.142 0.143 0.206 11 I 0.014 0.065 0.096
7 6 0.079 0.134 0.189 11 2 0.033 0.080 0.153
7 7 0.053 none 0.150 11 3 0.047 0.090 0.154
8 1 0.027 0.093 0.148 11 4 0.083 0.083 0.155
8 2 0.055 0.124 0.188 11 5 0.077 0.111 0.139
8 3 0.116 0.116 0.213 11 6 0.083 0.109 0.141
8 4 0.108 0.151 0.194 11 7 0.088 none 0.136
8 5 0.125 none 0.185 11 8 0.077 0.091 0.128
8 6 0.104 0.124 0.177 11 9 0.051 0.087 0.122
8 7 0.063 0.114 0.162 11 10 0.038 0.060 0.124
8 8 0.043 none 0.126 11 11 0.031 none 0.089

12 1 0.011 0.059 0.086
12 2 0.029 0.072 0.144

L = length of cut index (hr) 12 3 0.039 0.082 0.136
12 4 0.070 0.071 0.150

J = hours into the cut 12 5 0.070 0.099 0.127
12 6 0.073 0.100 0.130

All distributionsare triangu- 12 7 0.083 none 0.124
lar except those with none as 12 8 0.080 0.086 0.123
the mode. Those are uniform 12 9 0.058 0.085 0.120
with minimum and maximum ranges 12 10 0.044 0.078 0.111
shown. 12 11 0.028 0.077 0.107

12 12 0.027 none 0.082
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the uncertainty around the measured value of the iodine-131
fission yield of 0.0289. These experimentally determined quan-
tities are typicallyknown within a 5% range.

ss MAS____SS"Uncertaintyin the mass of freshlycharged fuel dissolvedin
each cut is representedby a triangulardistribution,with a
minimum of 0.939, mode of 1.0, and a maximum of 1.121. For a
standarddissolvercharge of 3.3 tons, the minimum would be
3.3 x 0.939 = 3.10 tons, the mode would be 1.0 x 3.3 - 3.3
tons, and the maximumwould be 1.121 x 3.3 - 3.70 tons. The
distributionappliesto the period from December 1944 to May
1946 and relies on the 200 Area Weekly Reports (Acken and Bird
1945; Bird and Donihee1945), which do not provide the mass of
uraniumfor each dissolvercharge. The charge mass is assumed
to be the nominal 3.3-ton (840-slug)dissolverload, provided
that this fits the availablefuel pushes from the reactors.
In general, the availablebacklog is worked off under the 3.3-
ton charge assumption. However,during certain periodsthe
standardload was changedslightlyto fit the availablefuel
supply and the patternof reactorsof origin in the record.
The reconstructedaveragedissolvercharge for 207 charges is
3.306 with a standarddeviationof 0.095 tons at B Plant, and
a 3.291-ton averagewith a standarddeviationof 0.087 tons at
T Plant for 151 charges. Some 14 low-weightcharges
(2.57 tons) at T Plant have been removed from the T Plant fig-
ures becausethe uncertaintyhere is higher and requires
anotherdistributionto express it. Figure 4.3 is a plot of
the number of chargeweights in each range. The plot shows
that a skewed triangulardistributionwith minimum, mode, and
maximum of 3.1, 3.3 and 3.7 is a good descriptionof the
uncertaintyin the reconstructeddissolvercharges.

In the period May 5, 1946, throughJune 26, 1946, T Plant dis-
solved 14 charges,which were mostly from B Reactor discharges
made after B Reactorwas shut down; it did not resume operation
until after 1947. lt was necessaryto "lightload" the dis-
solverswith 2.57-toncharges to have the number of cuts match
during this period (i.e.,there was not enough fuel to match
the number of cuts in the record). The recordsdid not explain
the cause of this discrepancy. This makes it necessaryto
increasethe uncertaintyduring this period. Accordingly,the
range on the triangulardistributionwas increasedto 0.667
minimum, 1.0 mode, and 1.242 maximum. The range in tons is
0.667 x 2.57 = 1.71 tons minimum to 1.24 x 2.57 - 3.19 tons
maximum. No objectivebasis exists for this choice; however,
it does retain the skewed shape based on many samples and
reflectsthe qualitativejudgment that not enough is known
about the actual dissolveroperationin this period. B Plant
did not processthis material,hence it was not necessaryto
use the broadeneddistribution.
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After August 17, 1946, the Metal History Reports (General
Electric Company1946) do give the number of slugs charged.
For this period, a normal distribution ts used with a standard
deviation of 0.015, which models the slight errors tn the
recorded number of slugs.

HU: Heel uncertainty is the variation tn the 1.1-ton assumed stan-
dard heel mass. A triangular distribution with a minimum value
of 0.9 ton, a mode value of 1.1 tons, and a maximumvalue of
1.22 tons was used. The true heel was virtually undetermina-
ble. However, in nearly 1980 cuts for both T and B Plants, two
cuts were made from the 3.3-ton charge to build up the heel on
only two occasions, and four cuts were taken to lower the heel
only once. This indicates that the variation must have been
small and random; otherwise, these departures from the standard
procedure would have been more frequent.

LAG: The elapsed days between the dissolving and extraction steps
takes a triangular distribution with the minimum at 0 days,
mode at 3 days, and maximumat 7 days. This distribution ts
only used for the August 1946 to December 1947 time period
where the principal references are the Metal History Reports
which, regrettably, do not give the day of dissolving but do
give the day of extraction (General Electric Company1946).
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Ftgure 4.4 shows a histogram of 340 cuts for which the lag ttme
was determined. This forms the basis for the triangular dis-
tributton. The average lag for all plants was 3.4 days. The
mode was put at 3 days, the nearest tnteger days because the
calculations are based on integer days. The figure shows an
upper value skewness (i.e., -3 days to +4 days) around the
3-day mode. The few batches above 7 days probably reflect
plant outages for maintenance and repairs, and should not be
included in a distribution intended to reflect normal process
variation.

4.3 THE RELEASEOF IODINE-131 TO THE AIR

The Iodine-131 release fraction ts deftned as the ratto of todtne°131 tn

the dissolver off-gas stream to the total todtne contained tn the dissolver.

The earltest attempts to measure the release fractton tnvolved calculating the

amount of iodtne in the fuel tn the dissolver, and then measuring the amount
of off-gas iodine-131 The method of measurement consisted of a stack air

sample drawn from the 50-foot elevation of the stack, The sample was bubbled

through a sodium carbonate solutton and the radioactivity of the solution was
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FIGURE 4.4. Time Lag BetweenDissolving and Extraction
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measured with an ionization chamber in the middle of a coil of tubing con-

taintng the sodium carbonate solution. The chamber current (amperes) was then

converted to curies of iodine-131. A knowledge of the stack air-flow and

sample-line flow allowed an inference about the amount of Iodine-131 going out

the stack during dissolution. The integrated amount of "measured" iodine was

then compared to the calculated amount in the dissolver. As experience with

the measurement technique was gained, estimates of the release factor were

revised, generally upward.

Iodine leaving the dissolver was modeled by using three release
fractions:

RFI = the fraction of dissolver iodine sent out the off-gas line

RF2 = the fraction of dissolver iodine in stack condensate

RF3 = the fraction of dissolveriodine that was emitted during processing
steps after dissolutionvia the building ventilationsystem.

Using these three fractions,the effectivestack releasefraction is given by:

RFEFF = RFI - RF2 + RF3

In modeling the timing of the release,the delay in the iodine coming

from post-dissolutionprocessing (RF3) was taken into account, lt was assumed

that on average, one day would be spent in the storagetank after dissolving

(no emission),and that the balanceleft after I day's decay would be released

over a 4-day period, correctedeach day for decay (Acken and Bird 1945).

The stack condensate (RF2)returnsto the high-levelwaste collection

system. This fraction reflectsthe degree of condensationthat occurred

inside the 291 stack. There was a collectionpan at the bottom and a return

line to plant high-levelwaste storage. Therefore,this fraction is sub-

tracted from the other releasefractionsin calculatingthe effectiverelease

factor.
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The Hanford documents relattng to the iodtne release fraction were

examtned to select the release fraction. Seventeen are summarized in Appen-

dix B. Those having some information on the three release factors required in

modeling iodine-131 releases are summarized tn Table 4.4. References evalu-

ated as "unsupported statement" may be based on undocumentedexperimental

measurements, or may refer to one or more of the sources cited above, but do

not contain measurement results. The average of twelve references with values

of RFz is 0.82.

TABLE4,4. Evaluated Release Factor Reference Summary

RF RFz RF3
Ref Date Hin Hi_ Max Stack DJsol Basis

4 8/45 0.80 Lab results to Plant

5 12/45 0.72 7 cut stack gas measure

6 4/46 0.85 0.05 Unsupported statement

7 5/46 0 in Unsupported statement
summer

8 5/46 0.90 Unsupported statement

9 12/46 0.71 Unsupported statement

10 12/46 0.85 0.05 Unsupported statement

11 2/47 0.85 3 cut stack gas measure

12 7/48 0.85 0.05 Unsupported statement

13 6/51 0.10 Unsupported statement

14 1/52 0.80 Unsupported statement

]5 7/52 0.80 0.86 0.92 0.05 Dissolver solution measure
6 cuts--range shown is
2 standard deviations. Post
dissolution estimate refers
to data in a reference that
has been destroyed.

16 7/52 0.85 7 cut solution measure

17 4/55 0.85 0.10 Unsupported statement

73.74 Note: The reference (REF) numbers refer to those 7isted in Appendix B.
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References15 and 16 (Kirkendall1952a and 1952b),however, are based on

an inherentlymore accurateanalyticalprocedurenot availableuntil the

1950s: measuringthe remainingiodine in the dissolver_ the completion

of the cut. In determiningthe effect of air sparging,which was the motiva-

tion for the measurements,the best availabletechniquewas used. The cuts

measured in these two referenceswere meant to serve as "controls"on the air-

sparged cuts. Hence, they were representativeof the standard processthat

was used since the startupof T Plant in December 1944. They thereforemay be

applied to the 1944-through-1947time period.

The stack samplingmeasurements,in contrast,were inherentlyless accu-

rate. The current from the ionizationchamberwas typically read at 15-minute

intervals,then integratedover the durationof the cut. The resultswere

then convertedto curies of iodine. During the measurement,the flow of

sodium carbonatesolutionwas held constant,the stack gas sample line flow

was held as constant as possible,as was the stack gas flow. Everything

depended on the relative flow of stack-to-sampleline. Then the "measured"

result was divided by a calculated iodine-131inventoryin the dissolver. In

most cases this calculationis not given explicitly,leavingthe degree to

which the power historyof the fuel being dissolvedand properly accountedfor

unknown. There were also difficultieswith retentionof iodine on the inter-

nal surface of the sample line, as well as the difficulty in controlling

backgroundcontaminationin the 292 sample building itself.

In view nf the greater accuracy expectedwith the dissolversolution

residual iodine measurementsof RFI, in these references,it was decided to

use the mean of the thirteen measurementsfrom Kirkendall (1952a,1952b),or

0.86.

For RF2, the fraction of condensatecollectedat the stack bottom, two

unsupportedestimatesin Apple (1946) and Work (1946)were used. One states

that it was zero in the summer and the other states that it was 5%. A rounded

averageof 0.03 was selectedfor this release factor.

In the case of RF3, the balance-of-processingfactor, there were two

unsupportedestimatesof 0.05, and two unsupportedestimatesof 0.10. Accord-

ingly, an averageof 0.075 was chosen.
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With these choices, the effectiverelease factor, RFeff, is 0.86 - 0.03 +
0.075 = 0.905.

The STRMdistribution functions relating to the releases are RFAC, which

expresses the uncertainty in RFz - RF2, the net stack release, and RESIDUAL,

which expresses the uncertainty in RF3, the fraction released after the
dissolving step.

4.4 RF_E_A_

Table 4.4, reference15, gives a standarddeviationaround the 0.86

average of 0.03 based on six measurements. A piece-wiseuniform distribution

approximatinga normaldistributioncenteredon 0.83 with one-sixthof its

area between 0.77 and 0.80, two-thirdsbetween0.80 and 0.86, and the remain-

ing one-sixthbetween0.86 and 0.89 was used. The normal distributionwas

chosen because it is well suited to representtrue measurementerror. The

piece-wise uniform approximationwas selectedrather than an analyticrepre-

sentationbecause it has a fixed range and avoids the problemof returninglow
probabilityextreme values.

4.5 RESXDUAL

74 The nominal value of 0.075 was chosen because it is the average of 0.05

and 0.10 each from two referencesources (Table 4.4 references 12, 13, 15,

and 17). Since there is no other informationabout how the release fraction

might be distributedbetweenthese values, a uniform distributionbetween 0.05

and 0.10 was chosen.

STRM results for T Plant and B Plant dissolvercut iodine-131content

and releases are shown in Figures4.5 through 4.8. All of these figures show

the cut releaseswith plus or minus one standarddeviationrange. The 1944-

through-1947timeframe is coveredand a more detailed look is taken at 1945

for each plant. Tables 7.1 and 7.2 in Volume II list the numericalresults.

Mean values, standarddeviations,and the coefficientof variation (standard

deviationdivided by mean value) are given for 100 Monte Carlo realizationsof

this source term. The uncertaintiesrange from 12% to 22% dependingon the
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referencesource uncertaintydistributionsin effect. The ratio of released

to dissolved iodine-131is the effectivereleasefactor for the cut. This

will center around 0.83 with some variationdue to independentsampling. The

releasesthus do not includethe iodine-131released in processing steps after

dissolving. These are included in the time-dependentreleases in the next

section.

For STRM cut releasesthe uncertaintiesassociatedwith the magnitude

and fraction of iodine-131released in each cut resulted in standard devia-

tionsranging from 12% to 20%. For daily releasesthe uncertaintyin the

releasetiming is introducedas well as releasesfrom the post-dissolution

processingsteps. This adds considerablyto the total uncertainty. The

daily, monthly, and yearly summationsare based on the hourly release esti-

mates made by STRM. All modeled sourcesof uncertaintyare present in these

estimates. The daily numbers,therefore,reflect large uncertainty,ranging

from 50% to factors of 2. The range in each of the hour estimatesover the

100 realizationswould be even larger. But when the daily estimates are

aggregatedinto monthly estimatesthe ranges decrease from 6 to 10%, except

for a few months with few cuts dissolved. The yearly uncertaintiesare in the

5% range.

The daily releaseestimatesand their one standarddeviation ranges are

presentedin Figures 4.9 through4.13. A specialfigure is provided for 1945

to providemore detail for this largestrelease period. Table B.3 presents

the daily values. Figures4.14, 4.15, and 4.16 presentthe monthly releases

for T Plant, B Plant and the sum for both plants. Monthly releases for both T

and B Plants are given in Table 4.5.
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TABLE 4.5. Monthly Releasesof Iodine-131from 100 STRM "Realizations"
61

T Plant B Plant

1-131 Released (Ci) Coeffi- 1-131 Released (Oi) Coeffi-
Standard cient of Standard cient of

Month Mean Deviation Variation Mean Deviation Variation

December 2,139 465 0.218
January 1,221 435 0.357
February 2,126 391 0.184
March 2,082 320 0.154
April 18,024 1,160 0.064 10,723 789 0.082
May 34,947 2,271 0.065 39,535 2,734 0.069
June 22,234 1,422 0.064 24,232 1,692 0.070
July 23,411 1,629 0.070 23,624 1,659 0.070
August 38,379 2,484 0.065 33,710 2,786 0.083
September 38,661 2,655 0.069 50,021 3,037 0.061
October 44,806 2,863 0.064 47,260 2,759 0.058
November 16,451 1,279 0.078 21,310 1,366 0.064
December 19,059 1,140 0.060 43,281 2,381 0.055
January 2,119 131 0.062 9,634 618 0.064
February 2,681 159 0.059 4,719 285 0.060
March 2,091 159 0.076 5,862 387 0.066
April 5,183 323 0.062 6,497 426 0.066
May 4,311 250 0.058 8,969 542 0.060
June 156 11 0.072 4,462 267 0.060
July 874 60 0.069 4,682 284 0.061
August 84 30 0.357 8,562 524 0.061
September 473 49 0.103 7,197 5443 0.075
October 439 58 0.131 4,381 327 0.075
November 2,062 151 0.073 3,463 297 0.086
December ],961 142 0.073 5,436 363 0.067
January 1,671 141 0.084 4,487 326 0.073
February 2,256 165 0.073 1,579 161 0.102
March 1,980 164 0.083 3,637 244 0.067
April 2,006 175 0.087 2,847 276 0.097
May ' 1,785 158 0.088 2,203 167 0.076
June 780 81 0.104 873 86 0.099
July 1,039 74 0.071 1,257 86 0.068
August 464 47 0.102 790 68 0.086
September 480 44 0.091 279 50 0.069
October 307 28 0.090 183 16 0.086
November 157 14 0.090 120 11 0.093
December 176 11 0.063 102 9 0.088

Total 299,076 386,359
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5.0 CONCLUSIONS

7s The conclusionsare described in both quantitativeand qualitativecom-

parisons to previousresults in the followingparagraphs.

5.1 QUANTITIVE.COMpARISONSWITH PREVIOUSRESULTS

Anderson (1974)estimatedthat 340,000Ci of iodine-131were released

from T and B Plants in 1945. The HEDR Phase I releaseestimate for 1945 was

317,000 Ci (Heeb and Morgan 1991). Using Anderson'srelease factor of 0.80

insteadof the 0.75 figure used in Phase I, this would have been 338,000Ci,

close to his value. The current estimate is 560,000Ci, an increaseof 66%.

What are the reasonsfor the large increasein the estimatedreleases?

The effective releasefactor has been increasedfrom 0.75 (used in Phase

I) to 0.905. That would accountfor only a factor of 1.21 of the 1945

increase. The Phase I calculationwas based on Roberts (1957),which gave

monthly average tons dissolvedand an averagecoolingtime. Table 5.1 lists

the Roberts (1957)monthly tons processedand cooling time input data.

Table 5.2 shows the comparabledata averagedon a monthly basis from STRM

output. A comparison shows that both dissolvedapproximately2100 tons in the

3-year period. Figures 5.1, 5.2, and 5.3 show that there were some monthly

discrepancies,but that the patternswere similar.

The averagecooling time was shorterfor the presentreconstruction

based on a mass-averagedcoolingof every dissolvercut taken in time period;

59.6 days versus 61.7 for Roberts (1957). The differenceof 2.1 days amounts

to a factor of 1.20 more iodine-13]. Figures5.4 and 5.5 show that the pat-

tern of monthly cooling times was similarwith one or two large discrepancies,

and that the HEDR times tend to be consistentlylower in most of the months.

The HEDR reconstructionis based on known individualreactordischargesand

daily tonnages dissolved. The method of averagingmonthly cooling times used

in Roberts (1957) could not be determined (i.e, Were they mass-weighted?).

Another major differencecomes from the use of dischargepeaking factors

(PF) from the ReactorModel. This was necessarybecausethe iodine-131

concentrationin spent fuel is proportionalto the average power of the fuel
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TABLE 5,_. Phase I Data from HWN-1991 (Roberts1957)

- T Plant _ B PIBnt T + B plant
Dischg Cooling Dischg Cooling Dischg Cooling

Y_c_qJZMonth _ Tons _ _ Da_ Tons Days

1944 December 9 49 9 49.0
1945 January 4 39 4 39.0
1945 February 7 53 7 53.0
1945 March 6 52 6 52.0
1945 April 20 41 13 44 33 42.2
1945 May 30 35 26 37 56 35.9
1945 June 17 33 17 37 34 35.0
1945 July 23 40 23 40 46 40.0
1945 August 26 39 33 39 59 39.0
1945 September 37 38 32 39 69 38.5
1945 October 55 44 63 44 118 44.0
1945 November 49 51 49 53 98 52.0
1945 December 5] 53 46 41 97 47.3
1946 January 33 75 43 52 76 62.0
1946 February 28 70 45 65 73 66.9
1946 March 33 79 44 64 77 70.4
1946 April 46 62 46 61 92 61.5
1946 May 36 64 57 61 93 62.2
1946 June 30 87 52 65 82 73.0
1946 July 16 81 52 64 68 68.0
1946 August ]0 86 68 60 78 63.3
1946 September 7 70 39 57 46 59.0
1946 October 7 69 50 64 57 64.6
1946 November 26 64 39 66 65 65.2
1946 December 19 67 36 60 55 62.4
1947 January 27 66 33 59 60 62.2
1947 February 20 64 26 72 46 68.5
1947 March 29 68 33 69 62 68.5
1947 April 29 69 33 68 62 68.5
1947 May 29 67 29 69 58 68.0
1947 June 14 72 30 79 44 76.8
1947 July 33 81 29 75 62 78.2
1947 August 23 85 29 79 52 81.7
1947 September 23 83 33 84 56 83.6
1947 October 21 87 20 94 41 90.4
1947 November 29 96 23 94 52 95.1
1947 December 29 96 27 94 56 95.0

Sums 931.0 1218.0 2149.0
Average 61.7
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I_J=J___.. HEDRReconstructed Monthly Tons and Mass-Averaged
Cool ing Time

T Plant B P)ant _ T + B Plant
Cooling Cool ing Cool ing

_ Month, .Tons. Time .... Tons _Time _Tons Ttm_ _
1944 December 3.6 32.7 3.6 32.7
1945 January 3.7 38.0 3.7 38.0
1945 February 6.9 53.1 6.9 53.1
1945 March 6.7 50.4 6.7 50.4
1945 April 23.2 43.9 12.2 42.4 35.3 43.4
1945 May 24.3 37.6 25.5 36.4 49.8 37.0
1945 June 15.8 36.7 18.2 36.8 33.9 36.7
1945 July 18.8 38.0 21.0 36.8 39.8 37.4
1945 August 31.8 37.4 29.5 35.9 61.2 36.7
1945 September 33.0 37.6 37.8 35.3 70.8 36.4
1945 October 54.3 40.4 62.2 41.6 116.5 41.0
1945 November 53.2 48.7 46.7 48.0 99.9 48.4
1945 December 48.4 53.0 44.5 37.6 92.9 45.7
1946 January 33.0 73.0 36.4 50.0 69.4 60.9
1946 February 25.1 65.8 47.5 62.7 72.6 63.8
1946 March 37.2 72.0 54.1 61.4 91.3 65,7
1946 April 43.9 58.3 42.3 57.5 86.2 57.9
1946 May 29.9 58.4 62.6 59.8 92.6 59.3
1946 June 18.0 92.2 46.2 63.9 64.2 71.8
1946 July 28.5 76.2 48.5 61.6 77.0 67.0
1946 August 12.1 82.0 60.5 57.4 72.5 61.5
1946 September 6.6 71.3 39.6 54.8 46.2 57.2
1946 October 6.6 69.5 47.4 62.2 54.0 63.1
1946 November 23.1 63.7 48.4 65.0 71.5 64.6
1946 December 22.7 65.1 37.4 58.1 60.1 60.8
1947 January 23.8 65.6 28.6 57.4 52.4 61.1
1947 February 23.1 61.3 24.2 69.2 47,3 65.3
1947 March 29.7 65.4 39.7 65.3 69.4 65.3
1947 April 26.4 65.9 29.7 65.6 56.1 65.7
1947 May 26.4 64.6 28.7 66.9 55.1 65.8
1947 June 15.4 71.5 30.8 75.6 46,2 74.2
1947 July 30.8 77.0 31.9 73.0 62.7 75.0
1947 August 25.3 82.2 26.4 76.5 51.7 79.3
1947 September 24.2 80.5 30.8 80.8 55.0 80.7
1947 October 23.1 84.7 23.1 92.1 46.2 88.4
1947 November 25.3 94.3 23.1 92.2 48.4 93.3
1947 December 26.4 99.6 23.1 98.1 49.5 98.9

Sums 910.2 1208.3 2118.5
Average 59.6

5.3



3O

4{) -

2(I

I0

0 , , i i , , ...... i i i i - - __

1944 1945 1946 1947
Year Fad Points Shown

-I-.. IIEDR Construction ...@_ Phase IBasis IIWN-1991

FIGURE5_]. T Plant Ions Dissolved

7(I -, -- --
,,,,,,

SO

4t}

20 ...

I0 .... ...........

1944 1945 1946 1947
Year EndP_dnlsShown

-II- I [E_DRR=conslruclion --4P- PlM.mIBasis IIWN- 1991

F_IGURE5.2. B Plant Tons Dissolved

5.4



140 ..............

12U -._

4O

20 --

q

I
0 i ,,, , ,, , ......

1944 1945 1946 1947
Y©arEnd Poinls Shown

-41- HEDR Recomlruction -4- Phase 1lIazb HWIq- I'YJI

FIGURE5.3. T and B Plant Tons Dissolved

8O

_o

6O

50

4O

3O

1944 1945 1946 1947
Year Fad PointsShown

-'41- HEDR Reconstruction + Phase1Ikais HWN-1991

FIGURE5.4. T Plant CoolingTimes

5.5



IIt| --
i

llnl ,--4 ................. I

80 --

' '70 -

50 ---

40

30 .....
1944 1945 .......... 1946 1947

YearEndPoinuShown

I IEDR Reconstruction _ PhaseI Basis HWN-1991

FIGURE5._5. B Plant Cooling Times

7s in each discharge. This effect was not taken into account in the Phase I

calculations or in the early estimates of the Iodine-131 content. It is very

important, especially when dealing with the earliest discharges from a Hanford

Production Reactor (HPR), to do this. The early discharges will come from

higher-powered regions of the reactor because fuel in these regions will be

the first to reach the goal discharge target exposure-200 MWd/ton in this

early period. Figure 5.6 illustrates the situation. It shows the PF as a

function of cumulative tons discharged from inttial startup. The reactor

power peak ts assumedto be 1.6 (ratio of highest tube power to average tube

power), which is typical for an HPR. The first fuel to Peach 200 HWd/ton

would have a PF of 1.6. The PF of first discharges will be much greater than

unity. As the curve shows, however, the PF decreases until enough power has

been generated in the higher-powered regions that they reach 200 HWd/ton for

the second time and are discharged. Then the PF increases discontinuously up

to the maximumagain. These oscillations continue to be significant over the

3-year period covered. The cumulative mass averaged PF will eventually reach
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I.I0 as shown, but for most of I_45 it will tend to be much higher. The

Reactor Model supplies a value i'oreach discharge and realization.

77 For comparison purposes, a monthly calculation of dissolved iodine was

done using the HEDR tons and cooling times, lt assumed that the reactor was

operated long enough to reach a steady state iodine-131 concentration of

24,174 Ci/ton (from Equation 4.2 with specific power P - 250MV./250ton -

I MW/ton) for each discharge. No PF w-:sused"

Monthly Dissolved Iodine-131 = 24Z00 x tons x e"°'°Sszx(c°°lingtime)
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This is compared to the HEDR Phase I resultsbased on Roberts (1957)and

with the HEDR reconstruction,which uses a PF and a more realistic iodine-131

concentration[does not assume saturation,but calculatesa daily value based

on the daily power history from the P-DepartmentReports (GeneralElectric

Company 1947)]. In practice,most of the dischargeswere within 10% of

saturation,hence one would expect that differencesbetweenthe HEDR recon-

structionand the saturatedcalculationare largelydue to the PF. The

results are given in Table 5.3 and illustratedin Figures 5.7 and 5.8. During

1945, the HEDR reconstructioniodine remains significantlyhigher than the

other two, and this is due to the PF. Figure 5.8 is plotted on a logarithmic

scale to providemore resolution in 1946 and 1947. The total curies for the

3-year period are 626 kilocuries (KCi) for the saturatedcase, 762 KCi for the

HEDR reconstruction,and 540 KCi for Phase I. The difference betweenthe

saturatedcase and Phase I is due mostly to the 2.1 day differencein cooling

time. The ratio between HEDR and the saturatedcase (762/626: 1.22) is due

to the PF, which averages above its long-term1.10 value by a factor of

1.22/1.10= 1.11 because of the prevalenceof initialdischarges from the

three reactors that were startingup for the first time during the period.

When the Phase I total release is comparedto the HEDR reconstruction,

for the 3-year and l-monthperiod, the increaseis 685/406 = 1.687.

• The difference in coolingtime of 2.1 days alone would be a
factor of 1.20 (e"OBBSx2.1= 1.198).

• The difference from releasefractionswould be 1.21
(0.905/0.75= 1.207). The product 1.207 x 1.198 = 1.446
explains alI but (1.687/I.446 = I.167).

• The peakingfactor average theoreticallyapproaches a value of
1.10 (Figure5.6). During 3 years of reactor startupand
operation,an averagevalue of 1.167 (the PF approachesthe
theoreticalvalue from the high side) is entirely reasonable.

78 Thus, the 1.687 increase consists of 1.198 from 2.1 days shorter
cooling, 1.207 increased release factor and 1.167 PF: 1.198 x
1.207 x 1.167 = 1.687.
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TABLE 5.3. Comparisonof Dissolved Iodine-131as Calculated
by the SaturatedCase, the HEDR Reconstruction,
and Phase I

HEDR
Sat. Recon. Phase I
Iodine, Iodine, Iodine,

Yea____zr Month Ci Ci Ci

1944 December 5209 1298 2109
1945 January 3399 1269 1351
1945 February 1704 1181 1670
1945 March 2089 2762 2240
1945 April 20331 32189 27200
1945 May 49661 84352 76000
1945 June 34581 48814 39721
1945 July 38410 53040 34411
1945 August 62696 78604 48109
1945 September 74660 104066 58979
1945 October 81983 100709 62528
1945 November 37323 41982 26154
1945 December 54082 68763 44009
1946 January 30897 11981 12642
1946 February 7238 8450 5479
1946 March 8392 8901 5014
1946 April 14163 12728 10796
1946 May 13472 14603 10379
1946 June 4693 5184 4899
1946 July 6785 6105 5264
1946 August 10638 10056 9214
1946 September 8816 8395 7133
1946 October 5795 5408 5155
1946 November 6621 6449 5559
1946 December 8037 8441 6190
1947 January 6926 7137 6947
1947 February 4342 4257 3123
1947 March 6005 6610 3968

1947 April 4689 5503 3990
1947 May 4601 4540 3897
1947 June 1887 1887 1442
1947 July 2394 2572 1782
19_7 August 1384 1464 1108
1947 September 1272 1345 979
1947 October 577 588 416
1947 November 377 318 337
1947 December 237 326 366

Sums 626366 762277 540551
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5.2 QUALITATIVECOMPARISONSWITH PREVIOUSRESULTS

Both Anderson's (1974) originalresults and the Phase I resultswere

based on monthly averagevalues of tons processedand coolingtime. The

results were very similar. The questio_of finding recordsthat would make it

possible to presenta much more detailed iodine-131source term for dose cal-

culations remained.

The P-DepartmentReports (GeneralElectricCompany 1947) afforded the

possibilityof forming a reliable,detailedestimate of iodine-131creation at

Hanford. On the separationsside, there was less detailed information. The

document search produced in April 1991, the 200 Area Reports (Acken and Bird

1945; Bird and Donihee 1945), the Metal History Reports (GeneralElectric

Company 1946),and Jaech (undated). These have made possiblethe present

detailed reconstructionof the iodine-131source term.

Each of these sourcesdo not, in themselves,provide exact daily

information. However, as a group, they do provide ample cross comparisons.

The amounts and dates of reactor dischargesfrom the P-DepartmentReports

(General ElectricCompany 1947) agree almost exactly with the three separa-

tions references. Jaech (undated),with the few exceptions noted, agreeswith

the two daily sources. The agreementis not absolute,which indicatesthat

Jaech (undated)representsan independentsummationof the primarydata

sources.

The agreementis achieved over the range of 1929 dissolvercuts and 226

reactor pushes. Lindvig (1946)provided time-of-dayinformationon 330 dis-

solver cuts.

The use of Monte Carlo techniquespermits the definitionof uncertainty

ranges of the iodine-131hourly releaseswhich, with high probability,contain

the actual hourly releases. Hourly iodine-131releaseswere only known on the

infrequentoccasionswhen they were measured. The hourly releaseranges cal-

culated by STRM are continuousfor the whole 3-year period.
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6.0 RECOMMENDATIONS

The release estimatesare based on all of the pertinentrecords known.

The method of reconstructingthe iodine-131releases uses statisticalmodeling

techniquesthat take into accountthe areas where complete informationwas not

found, lt is, therefore,concludedthat a sufficientlywell-definedestimate

of the iodine-131releases has been obtained,and recommendedthat these esti-

mates be used as input to the HEDR air transportmodel as the second step in

determiningthe doses receivedby the public from HanfordSite iodine-131

releases in the 1944 through 1947 period.
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APPENDIXA

THE REACTORMODEL

A.I INTRODUCTION

The reactormodel (RM) chosen representsa HanfordProduction

Reactoras a one-dimensionalcylindricalreactor. The solution to the

one energy group neutrondiffusionequation in this geometry is the

Bessel functionJo(2.405r/R),where r is the radius of a point in the

core (fuel-containingregion) and R is the outer physicalradius of the

core plus an additional"extrapolation"distance. R can be chosen so

the calculatedratio of the maximum (at the center)to average power in

the core matched the measured power peaking determinedby the recorded

ratio of the highestpowered tubes to the averagetube power.

This approximatemodel gives an idea of the populationof tubes at

a given power relative to the averagepower. The power distributionis

computed on a daily basis in 244 fixed equal area annular regions.

Figure A.I shows the first 25 regions. An accountingof the exposure in

each region is maintained. When a discharge is indicatedby the

P-DepartmentReports (GeneralElectric Company 1947), fuel nearest the

exposuregoal is dischargedfrom the model and replaced by fresh fuel.

The peaking factor (ratioof residence-timeaverage power to pile power

for the same period) is calculated. This reconstructsthe missing

informationthat was not recorded and allows an estimateof the iodine

content of the fuel. An iodinecontent is also calculatedfor each dis-

charge using the daily reactorpower history.

Four model uncertaintiesare sampledwhen the code is run in Monte

Carlo mode:

• Daily Pile Power

• Daily Peaking Factor

• Tons Loaded

• Tons Discharged.
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The code calculates peaking factor and iodine-131 concentration (Ct/ton)
for each of the 226 discharges that were dissolved, lt does this for

100 realizations which differ as a result of sampling the four parame-

ters abovefromdistributionswhichdescribetheiruncertainty.This

informationis givento STRMvia the PF file;see Figure6.1.

The modelis validatedin termsof itsabilityto predictthe

exposureof each reactordischarge.Dischargeexposureis includedin

the P-DepartmentReports(GeneralElectricCompany1947). FiguresA.2,

A.3, and A.4 showthe dischargeexposuresfor the threereactorsB, D,

and F and the predictedexposurerangefromRM. In general,the

computedandmeasuredexposurematchesfairlyweil. Of the 226 dis-

charges,g2.5%haveestimatedexposureswithin10% of the reported

exposuresand 9g.g%have estimatedexposureswith 15%of the reported

exposures.Maximumdiscrepanciesarewithinthe ±15% range.

A.2 THE PEAKINGFACTORALGORITHM

I. The Hanfordreactorscan be representedby longhorizontalcylin-
dersthat can be divided,for modelingpurposes,intoequal-volume
concentricshellor ringsas shownin FigureA.I. This cylindrical
modelrepresentsthe 2004processtubesin the B, D, and F reactor
coredesign. The dimensionsof each "equivalentcell,"which
includesfuel,cladding,waterannulus,processtube and surround-
inggraphitewas 8.375by 8.375inches. The totalarea of the
reactorfacewas thereforeg76 squarefeet,and the radiusof the
equivalentcylinderwas 17.6feet.

2. If the pile powerwere constantwith respectto radialposition,
each ringwouldhavethe sameamountof power. For example,if we
dividedthe cylinderinto25 equal-volumeringsand on a givenday
the powerwas 250 megawatts,theneach ringwouldgenerateat 10
megawatts.If each ringcontained10 tons of material,then the
aboveexposurewouldbe I megawatt-day/ton(MWd/ton)eachday. If
the processtubeswere dischargedafterthey reached200 MWd/ton,
thenall the tubeswouldbe readyfor dischargeafter200 days.

3. The powerdistributionin the pile is not flat. The peak tube
powersgenerallywere in the central600 tubesin actualreactor
operation.A good approximationto the radialfluxvariationis a
Jo Besselfuncti_whichis computedas follows:

J . ! - X2/4 + X4/64- X6/2304 +0 _ ......co
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where x - (2.405r/R), R is the extrapolation radius of the pile and
r is the radius of the ring. In general, this will be well into
the reflector (the region surrounding the core beyond 17.6 feet).

4. Table A.1 lists the relatt,,e ring power based on a Bessel function
with a 1.6 peak power at tne center of the 25 ring example dis-
cussed in Step 2 above. During most of the 1944-through-lg47 per-
iod the power peak was near 1.6.

Since the process tubes in the first ring are pushed every
130 days, these tubes will be pushed three times as often as fuel
in the last ring, which is discharged every 383 days.

Because the higher power process tubes are pushed more frequently,
the average relative power in the discharges will be greater than 1
in the long run. For this example, the long run average relative
power is 1.095. Although the reactor model in Figure A.1 operated
at an average power density of 1 megawatt per ton of fuel, the
average power density of discharged fuel would be 1.095 megawatts
per ton.

5. The maximumtube power is calculated as follows:

Max. tube power(kw) = 0.2635 kw/oC/GPM

*tube flow (GPM)* ATmax(oC)

where tube flow = nominal central zone tube flow- 20.0 GPM

ATmax= maximumtube outlet water temperature - inlet
water temperature (°C)

0.2635 = conversion factor to kilowatts.

A.3 MODEL OPERATION

The actual averagedischargeexposuresvaried significantlyaround

the 200 MWd/tongoal as shown in FiguresA.2, A.3, and A.4. According

to P-DepartmentReports (GeneralElectricCompany 1947), the over

300 MWd/ton dischargeswere actuallya combinationof 200 MWd/ton and

400 MWd/ton discharges. To achievea 400 megawatt/tondischargeone of

two things had to happen: the fuel was left in-piletwice as long or

the reactorpower was peaked. The first explanationappliedwell to B

and D reactors,which operated long enough for the fuel in some process

tubes to reach 400 MWd/ton using the peaking factorsderived from the
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_. 25 Ring Model Powerand ResidenceTime

250 MWPlle Power, 250 Tons Loaded,
Discharging at 200MWd/ton

ResidenceTime
Relative to reach

BJ.Og Rlnopow@r 200MWd/tonDays

I 1.547 130
2 1.495 134
3 1.444 139
4 1.394 145
5 1.345 149
6 1.297 155
7 1.249 161
8 1.202 167
9 1.156 174

10 1.111 181
11 1.067 188
12 1.023 196
13 0.980 205
14 0.938 214
15 0.897 223
16 0.856 234
17 0.816 246
18 0.777 258
19 0.739 271
20 0.701 286
21 0.664 302
22 0.628 319
23 0.592 338
24 0.557 360
25 0.523 383

25.000

dailymaximumtubetemperatures.F reactoris different-the400 MWd/ton

materialcouldnot be producedthatquicklyusingthe peakingfactors

derivedfrom the dailyoperationsinformation.Therefore,lt had to be

assumedthat the reactorl_owerwas peaked,via controlrods,to have a

higherexposurein the centerthan indicatedby the dailyoperations
information.

For the model,the pile is dividedinto244 ring._(4 ft2 each-g76

ft2 in total), tor the B Reactor,not allof the ringswere used in the
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beginning. This reactor startedout using only 1004 of the 2004 process

tubes (123 rings). Then it moved to 1128 tubes (138 rings), 1300 tubes

(159 rings), 1500 tubes (183 rings), 1595 tubes (195 rings), then fin-

ally 2004 tubes. The physics (the Bessellfunction)is based on the

rings having equal volume. However, to simplifythe computer algorithm,

the Bessel function is applied to rings of equal weight; this assumes

that the relationshipbetweenvolume and weight is a constant.

The computer algorithmworks on a daily time step. The peak power

in the central region,pO, is calculatedfor the day from the daily

operations information(with the exceptionof the early operationsof

the F Reactor, see above). If pO cannot be calculatedfor a day due to

missing data in the records, the previous pO (for a 24-houroperating

period) is used. Additionally,if pO is greaterthan 2.28 or less than

1.0, then the previouspO is used. The appropriatepeaking factor for

each ring for the given pO is then determined. The Bessel function does

not have to be recalculatedeach time. For each ring the peaking factor

is linearlyproportionalto pO.

_ Once the peaking factor for each ring is determined,the power for

that day is allocatedto each of the equallyweighted rings. Actually

there are two allocations,once accordingto the peaking factor (where

the central rings get more power than the outer rings accordingto a

normalized Bessel function),called ring-power,and the second allo-

cation of equal power to all rings, called pile-power. The daily

process continuesuntil it is time for a discharge. To calculatethe

iodine-131in the pile, the sum of the previous power history is decayed

one day, and the currentpower is then added to the sum (Equation4.3,

Section 4.0).

At discharge,the rings are sorted accordingto exposure in each

ring. lt is assumedthat the rings with the largestexposure will be

pushed first. However,this assumptionis modified to allow a set of

rings to remain in the reactors long enough to achieve 400 mega-

watts/ton. Additionally,it is clear from the megawatts/tonrecords

(see figures) that early in the operationsof the B and D Reactors,

rings with less than the highest accumulatedpower were discharged. At
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that time, the operatorswere learninghow to operatethese reactors,

and process tubes were emptied and replaced with neutron-absorbing

"poisoncolumns," to flattenthe reactor power distribution;the choice

of what tubes to push were not based on the highestpower at that time.

For the early operationsof the reactors, in the computer algo-

rithm, rings that were retainedwere determinedthe old fashioned

way-the program was rerun with different choicesuntil we got the best

match with the known discharges. The tons pushed were from the daily

operationsrecord, along with the tons of material that were charged

after the push. The peaking factor for a push is calculatedby simply

summingthe ring-power in the rings pushed and dividing by the sum of

the pile-powerin the rings pushed. These sums are weighted by the tons

pushed in each ring, since the tons in the push did not equal the tons

in the rings-that is, only a portionof one ring would be pushed. The

remainingportionwould then be pushed at some futuredischarge. The

computer algorithmthus has to reallocatethe rings to continue to fuel

mass and energy in the reactor.
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CYLINDRICAL MODEL
RINGS OF EQUAL AREA

FIGUREA.I. Ring Rode] of Reactor
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APPENDIXB

EVALUATIONOF RELEASE FACTOR REFERENCES

The followingis an evaluatedlistingof principalHanford references

relating to iodine-131fractions. They are listed in chronologicalorder.

They provide estimatesof the fractionof iodine in the dissolverthat was

released to the dissolveroff-gasline, was released in processing steps in

the separationsafter dissolving,or to the fractionthat was retained in the

stack condensateafter reachingthe stack.

EVALUATEDRELEASEFACTORREFERENCES

I. Reference Dreher (1944)

Content Early estimatesfrom Oak Ridge (code name "Clinton")
pilot operationsof iodine and xenon to be expected at
Hanford. Not all estimatesturned out to be accurate.

Release Factor none

2. Reference Seymour (1945)

Content Curie measurementsof iodine-131emitted from runs T-4-
12-B7, T-5-I-BI,B2, and B3 were estimated:

Ru__n Iodine Emission
I 120
2 145
3 230
4 175

The statementis made, "Results from the first four runs
were not at all consistentwith the previous set."
These were the first few T Plant runs. With new
dissolveroff-gas lines and a new stack, it is likely
the iodinewas depositingon the new surfacesleading to
lower releases than would be characteristicof later
runs. Also, the measurementequipmentwas new and the
accuracy subjectto question.

Value none
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3. Reference Parker (1945a)

content This repeats the values above. The maximumCi/ton is
quoted as 230 with an average for January 1945 of
170 Ci/ton and monthly average of 270 Cl/ton for
December 1944.

Release Factor none

4. Reference Dreher (1945)

Content This early summarycites laboratory analysis of process
solutions from dissolving through extraction and reduc-
tion. These studies indicated that 48% of the iodine in
the irradiated meta] stayed in solution and was not vol-
atilized during dissolving. In part B under "Discus-
sion" the author relates these laboratory studies to
plant experience with the following statement: "As a
result of this correlation, it can be predicted that at
full power level (250 megawatt days per ton [comment:
MWd/ton is burnup, not power], which corresponds to a
concentration of 0.4 to 1.2 mg/liter of solution) about
BO%of the iodine will be evolved dqrina metal

tssolution

Release Factor 0.80

5. Reference Parker (1945b)

Content "In the period 10/25/45 to 11/16/45, seven satisfactory
runs of iodine emission and four xenon emissions were
made. The I TM content was estimated at 4530 Ci from the
fission yield data. The measured emission was 3245 Ci."
This immediately implies a release factor of 3245/4530 -
0.72. This value is based on improved measurement tech-
niques comparedto the state of the art in References 2
and 4.

Release Factor 0.72

6. Reference Smith (1946)

The purpose of this memois to estimate how much iodine-
131 could be recovered from the dissolvers. In the
course of the discussion the following interpretation of
"available data" is made: "Wedo not have firm experi-
mental proof of the disposition of the I TM which goes
into the dissolver but conclude from the data available
that 85); goes out the stack, and 15%goes into the waste
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tanks-lO%in metal waste and 5% in stack drainage."
This leads to an estimate of a release factor of 0.80,
allowingfor the 5% that drains into the bottom of the
stack and is not emitted.

Release Factor 0.85

7. Reference Apple (1946)

Content Gives method of calculatingiodine-131content:

(P(kw)x 3.1 x 1013fis/s/kw X .028 I131/fission)
3.7 x 10'udis/sec/Ci

This is 23.459x P, about 3% less than 24.174 used in
the HEDR estimate of iodine-131.

Concerningthe accuracyof the iodine-131in 292 Bldg:
"In the opinionof those responsiblefor the equipment
this value is consideredgood: agreementbetweenexper-
imentaland theoreticalhas never been found to be
better than I to 3-5."

"Althoughthe quantityof stack drainagewas determined
during startup (December)on inactivemetal dissolvings
(1.5-4gallons/hr),the followingsummary of meteorolog-
ical and other data indicatesthat during the summer
months, at least, little or no condensationtakes
place."

Release Factor none

8. Reference Miller (1946)

Content "The quantityof 8 day ITM per metal dissolving
(I metric ton) was calculatedto be 140 curies (approxi-
mately I mg.). A review of previouswork indicatedthat
only about 10% of the iodine remains in the metal solu-
tion with 'theremaindergoing out with the stack gases."

Release Factor o.go

9. Reference Seymour (1946)

Content "Some 4.7 x I0s curies of ITM and 2.2 x I0s curies of
Xe133have been dischargedwith currentmonthly rates of
7000 curies for iodine and 1000 curies for xenon." The
HEDR estimateof the monthly average iodine-131Ci proc-
essed in spent fuel for the eleven months precedingthe
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December date of this reference is 9793 Ci. During this
entire period a nomtnal cooling time of 60 days was
maintained, with an average for the period of 62 days, a
maximumin June of 73 days and a minimum in September of
56 days. A release factor for this period would be
7000/9793 - 0.71.

Release Factor 0.71

10. Reference Work (1946)

_gntent "This includes all xenon, krypton and other rare gases
and an estimated 85¢ of the iodine." "By far the larg-
est fraction of the fission products in a batch of
irradiated uranium is sent to the buried waste storage
tanks. Only about 10_ of the iodine and none of the
inert gas activities follow this route, however."
"Likewise, a small amount of mixed activities and per-
haps 5% of the total iodine are caught in the stack
drainage."

Release Factor 0.85-0.90 0.05 stack drainage

11. Reference Lauder (1947)

Content "The equipment in the Stack Monitor Building was opera-
ted on three occasions during the month The measured
amount of I TM evolved per run amounted to about 85¢ of
the theoretical amount of 70 curies."

Release Factor 0.85

12. Reference Parker (1948)

Content "Some fraction of the total iodine content of the metal
appears to escape during process staaes other than dis-
solving. "...85¢ of the available I TM is released
during dissolving and 10"/,goes to waste storage. The
remaining 5% is presumably released during processing."

Release Factor 0.85 0.05 post-dissolution release

13. Reference Holm (1951)

Content "Before the iodine remaining in solution can be sent to
a waste stream, about ten per cent of it is evolved in
subsequent operations, thus contaminating canyon
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ventilatingair." Ten percent of the dissolved iodine
was evolved in subsequentprocessingstages.

Release Factor none

14. Reference Burns and Kane (1952)

Content "Experiencealready gained in the Bismuth Phosphate
Processplants indicatedthat about 80 per cent of the
iodine present in irradiateduranium is evolved during
the dissolvingprocess."

Release Factor 0.80

15. Reference Kirkendall (Ig52a)

Content "Data obtainedby the Stack Gas Disposal Group, Separa-
tions TechnologyUnit, indicatedthat approximately5%
of the iodinepresent in irradiateduranium slugs was

wa ,completeand theevolved after the metal dissolutionmetal solutionleft the dissolvertank '." ReferenceI
was destroyed.

"At a spargentflow rate of 1.7 cc/min/ml (approximately
100 cu ft/min on a plant scale) about gO per cent of the
iodine presentwas removed in three hours at g5 degrees
centigrade." This is a laboratoryand not a plant
result.

"Based on radioiodineanalysisof metal solution sampled
from the dissolver,spargingduring reaction on seven
cuts produced an average iodineevolutionof 92.3 per
cent of the total amount calculatedto be present. Six
control cuts without sparqinqdurinq reaction averaqed
86 per cent evolutionof the total iodine calculatedto
be present. The average improvementin iodineevolution
resultingfrom sparging during the dissolutionreaction
was 6.4 per cent and ranged from 0 to 14 percent." This
is a measurementof the releasefactor of 86%. This
techniqueof measuring the remainingiodine-131is prob-
ably inherentlymore accuratethan measuring evolved
iodine in the stack.
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The followingvalues are quoted from Table I for the six
cuts that were not sparged:

Push Cut I_-I3]Evolved (%)

10-24 I_ Fd-16 83.9
11-25 D Dd-34 89.0
11-15 D Dd-lO 80.7
12-21 F Fd-40 88.5
2-14 D Dd-1 86.1
2-19 B Bd-19 87,2

Average 85.9
Standard Deviation 2.93

The method of calculating the iodine content of the fuel
is given, and it includes an estimate of the average
specific power of the slugs in each charge. This was
obtained by knowing the burnup (MWd/ton) and the resi-
dence time of the fuel in the reactorwhich allows a
_truecalculationof specific power by dividinq burnup by
the time in-pile.

Re_ase Factor 0.86, 0.03 standarddeviationon 6 samples. 5% of
iodine-131is evolved after dissolution.

16. Reference Kirkendall (1952b)

Content Seven batchesof the dissolveracid solutionwere ana-
lyzed and 15% of the estimated iodine-131content of the
dissolverremainedat the completionof the dissolution.

Release Factor 0.85

17. Reference Browne (1955)

Content "Duringthe uraniummetal dissolving,approximately85%
of the original ITM present is evolved...".

"The remaining15% of the original ITM is transferred in

the uraniumnitrate solutionthrough t3_euraniumextrac-
tion process. Of this 15% residual I approximately
two thirds would be evolved in subsequentprocessingand
the remainingthird would be carried out in waste
solutions."

Release Factor 0.85 0.10 post dissolutionprocessing
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