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TMI-2 DECAYPOWER:
LASL FISSION-PRODUCTAND ACTINIDEDECAYPOWER
CALCULATIONSFOR THE PRESIDENT’SCOMMISSION

ON THE ACCIDENTAT THREEMILE ISLAND

by

T. R. Englandand W. B. Wilson

ABSTRACT

Fission–productand actinidedecayheating,gas content,
curies,and detailedcontributionsof the most importantnu-
clidecontributorswere suppliedin a seriesof lettersfol-
lowingrequestsfrom the PresidentialCommissionon the
Accidentat ThreeMile Island. In addition,similardata as-
sumingdifferentirradiation(power)historieswere requested
for purposesof comparison.This reportconsolidatesthe tab-
ular and graphicaldata suppliedand explainsits basis.

I. INTRODUCTION -

Requestsfor estimateddataon decayheatingand radioactivityat the

ThreeMile Island,Unit 2, (TMT-2)reactorfollowingthe incidenton March

28, 1979were receivedfrom the PresidentialCommissionon the TMI Accident.

Such data can now be very accuratelycalculatedonce the detailedpower

historyand otherparametersspecificto the reactorare known. The re-

questeddatawere suppliedin a seriesof letters,includingcomparison

data for otherpowerhistoriesand reactortypes.

This reportconsolidatesthe tabularand graphicaldata suppliedto

the Commissionand describesthe methods,codes,and librariesused.

II. CONTENTOF REPORT

The generalcontentIncludesresultsfor specificrequestson aggregate

decayheatingand curiesof the followingnuclidegroups.



●All

●A1l

●AI.1

●A1l

●AU

fissionproducts.

actinides.

fissionproductsplus actinides.

noblegases (allisotopesof Kr and Xe).

halogens(allIsotopesof Br and I).

.A specificset of nuclidesconsistingof

Te, Ru, Cs, Ba, and Sr elements.

In additionto theseaggregategroups,the

etc.,of the more importantindividualnuclides

all isotopesof the Br, I,

heating,content,curies,

are listedin this report.

In all casesthe beta,alphaand gammacomponentsof the decayheating

are also given.

All data are suppliedat 23 or more coolingtimesbetween1 s and

50 000 h (-5.7y). Some surveydata extendto 10
13

S (.3.2 X 105y),and

the data for individualnuclidesat the instantof reactorshutdownare also

given.

For comparisonpurposes,similardata are listedfor: a) an equilib-

rium fuel exposureat the fullratedcorepower [2772MW(t)]; b) detailed

nuclidedata subsequentto a long (26000 h), constantpowerperiod,c) ag-

gregatedata for a seriesof irradiationtimesand coolingintervalsbe-
13

tween1 and 10 s, and d) comparisonsof threegenericlightwaterreactors.

AZZ of the Pesui?tsspe&fictoTMI-2are basedona detailedpower

h&3toqjde8c&bed%nSec.VI.

The main body of

methods,and the data

tabularand graphical

thisreportdescribesthe TMI-2powerhistory,codes,

base used in generatingall finalresultsand includes

valuesfor the variousaggregateresults. Appendices

includethe detailednuclidevaluesof the largestcontributors,noblegases,

halogens,surveycalculationsfor threegenericreactortypes,and other

relateddata. In particular:

AppendixA containsinformationon the new (1978)ANS 5.1 DecayPower
Standard. The standardwas usedwherepertinent,as explainedin a
latersection. AppendixA is thereforeincludedfor completenessand
for the convenienceof the reader.

AppendixB containslistingsof individualcontributorsat each cooling
time to the beta,gamma,beta+ gamma (i.e.,totalfission-product)
heatingand curiesfor all fissionproductsthat contribute>0.5%to
the totalof any one of thesefourquantities.Densitiesare also
listed. Valuesfor TMI-2,and also for the same reactorassumingit
had operatedat a constantpower for 26 000 hourspriorto shutdown,
are listedat the instantof shutdownand at 23 coolingintervals.

2



AppendixC containslistingsof each significantnoble gas and halogen
for the same casesand coolingtimesin AppendixBo Exceptfor general
datapreceding and followingeach time step table,valuesare listed
as fractionsof ~ fission-productvalues(notfractionalgas values).
The individualradioactivegasesare listed~t contribute>0.01%of
the beta,gamma,or beta + gammacontributionto the totalgas values,
but all valueslistedfor aggregategas summationsincludeall gases.
Here, the isotopesof Br and I are halogensandKr and Xe are noble
gases (>90isotopes).Summarytablesand graphsare included.

AppendixD containsaggregateactinideand fission-productdecayheating
for 11 constantirradiation(power)timesand for coolingtimesbe-

13
tween1 s and 10 5 (-3.2X 105y). These data applyto a TMI-2 type
of reactoroperatedfor the assumedirradiationperiods. Heatingvalues
are givenas fractionsof totalcorepowerpriorto shutdown. Detailed
considerationsof the temporalparametersof actinideand fission-moduct
decaypowerare also discussed.

.

AppendixE includesgraphicalcomparisonsfroma recentstudyof three
generictypesof lightwater reactors(IJJRfs),including both actinide
and fission-productdata for differentirradiationperiodsfor the most
commonreactortypewhich is similarto TNI-2.

III. DECAYSPECTRA

With the assistanceof R. J. LaBauveof LASL, twelve-groupbeta and

gammaspectrafrom total,volatileand non-volatilefissionproductsfor

use in NRC calculationsof water radiolysiswere calculated.Theseresults

were suppliedto NRC, EPRI,and laterto the PresidentialCommission.

All calculationswere basedon an assumed88 day constantpoweroper-

ationprior to shutdown,a simplehistoryusedbeforea more detailedknow-

ledgeof the actualtimedependencewas known,but one thatis sufficient

for use in calculationsof

in a latersectionof this

not specificallyrequested

report.

spectra. (An accuratepowerhistoryis described

report.) These resultsare availablelbut were

by the Commissionand are not includedin this

IV. COMMENTON UNCERTAINTIESAND HEAT SOURCES

The aggregate(total)fission-productheatinglistedin the main body

of thisreporthas a 10 uncertaintyof only 2 to 5%, dependingon the cool-

ing time. For coolingtimes<20 hours thisuncertaintyis well supported

by recentbenchmarkexperimentsand summationcalculations.In fact, this

uncertaintyis

importantto a

probablyconservativefor the coolingrangeof 1-105s,

loss-of-coolantaccident(LOCA). For longercoolingt!Lmes

3



the smalluncertaintystillapplies,but the heatingrate is affectedby

neutronabsorptionin the fissionproductspriorto shutdown;however,we

believewe have accuratelyaccountedfor thiseffectspecificto TMI-2.

Thereis no estimateduncertaintyfor actinideheating. Thisis be-

lievedto be very smallat shortcoolingtimes,and is extremelyunlikely

to significantlyaffectthe uncertaintyin total (fission-product+ actinide)

heatingfor the coolingintervalsspecificto TMI-2listedin thisreport.

The TMT-2powerlevelprior to the incidentwould alterthe initialtotal

fission-productheatingin directproportionto the ratioof the actualfrac-

tionof ratedpowerto the value (0.9739)used in thisreportfor the final

20 days of operation.We have not includeda powerleveluncertainty;as

notedin a latersectionthereis no reasonto suspectthe power levelis

significantlydifferentfrom the valueused in thisreport. (In thisre-

spect,the readershouldnote that the equilibriumcaseincludedfor com-

parisonwas basedon the fullratedTMI-2power;the fission-productheating

fromTMI-2wouldbe increasedby -2.7%had the reactorbeen operatingat full

power for a fewhoursprior to the incident.)

Uncertaintiesin individualnuclidesdependon the qualityof their

specificdata. This canbe largefor very short-livednuclidesbut should

be smallfor long-livednuclides.

fie heatingdata ;n th{ezwportasswnesaZlnuclidesaxeretained%n

thefwZ andZ{stedvaluesofdecayenergyrates<niWappZy to thetotaZ

cme. Wherethere+s a breachin claddingtheesoapeof volatiZeproduets

IMZZgreatZydecreasetheheatingrates. For example,between1 s and 20

hours the noblegasesand halogenstogetheraccountfor 22 to 28% of the

totalfission-productheating. Most of theseproductspresumablyescape

in the absenceof cladding. In additionothervolatileproductsand the

subsequentprogenyof all gasesand volatilenuclidesescape.

AZZdata%n thisreportappZytoproduotsy<eZ&d<n fissionor toact-

+nides<n4t4aZZypresent%n thefueZor genezwtedbyneutronabsorptionin

tiej%eZ. Thereare othersourcesof heat. For example,duringthe first

few coolingseconds,delayedneutronswill continueto causefissionand

thiswill increasethe initialheat rate. After - 20 secondsthe fission

productsshoulddominatethe heating,but we have not actuallyestimatedthe

specificheatingfromdelayedneutronfissionfor TMI-2. The Zr-H20re-

actionis exothermic,and coolantpumpingalso suppliesheat. Thereare

4



minorheat sourcesfromstructuralmaterialand impurities.Exceptfor the

Zr-H20reaction,which can occurin specificregionsof the core,and the

initialheatingdue to delayedneutrons,the heatingratesin this report

are the majorheat sourcesduringthe firstfew hoursof coolingand are

the only significantheat sourcesonce the coolantpumps are shutdown.

It is probablethatdecayheatingcan now be calculatedas accurately

as any reactorparameter,and more accuratelythanmost parameters. This

reportbenefitsfromintensiveand extensiveeffortsbegun in 1973 to

improveand expandnuclidedatain the EvaluatedNuclearData FilesENDF/B-

IV, supportedby theU. S. Departmentof Energy (DOE),and frombench~rk

decayheat experimentsat LASL,ORNL,IRT and UC(B),fundedby the Nuclear

RegulatoryCommission(NRC)and the ElectricPowerResearchInstitute(EPRI).

A concomitanteffortto combineall data into a new ANS decaypowerstandard

was also initiatedin 1975 and the resultis alsoused in this report. Many

people,includingthe authors,participatedin theseefforts. The specific

use of thesedata are definedin more detailin thenext section.

v. CALCULATIONALBASES

A. CINDERand AuxiliaryCodesand Libraries

The CINDER-10(animprovedversionof CINDER-72)

productand actinidebuildupand depletioncodeswere

and EPRI-CINDER3

used to generate

fission-

most

of the decayheatingvaluesand all relatedindividualnuclidedecaydata

in thisreport. Thesetwo codesare similarin basic typesof outputbut

differin theirrangeof applicability,in part,due to theirnuclidedata

libraries. For completenessthe essentialdifferencesare notedhere,but

the remainderof the textwill simplyreferto the CINDERCode exceptwhere

a distinctionis necessary.

CINDER-10: This is the latestversionof CINDERand it utilizesa
completelibraryof fissionproducts-825nuclides. This versionis
used for all calculationsof Individualfission-productcontributions,
noble gases,halogens,etc.,and the resultsare applicableat all cool-
ing times,includingvaluesat the instantof reactorshutdown. It
couldhave been used for all fissionproductcalculationsin thisre-
port but its massivelibraryis unnecessaryat long coolingtimes. In
addition,the extensivelibraryof actinidedatahas not been put into
a formatsuitablefor CINDER-10.

EPRI-CINDER:This versioncontainsa 47-nuclideactinidelibraryand
fissionproduct?suitablefor long coolingtimesand absorptioncal-
culations. Those fissionproductshavinghalf-lives>4 hours and

5



thoseshorterlivednuclidesin transientequilibriumwith longlived
parentsare included. The libraryis suitablefor fission-productdecay
heat calculationsfor coolingtimes> 20 hours. In addition,exposure-
dependent,self-shieldedcrosssectionsare used in thisversion- impor-
tantfor long-livedreactors. CINDER-10and EPRI-CINDERfission-product
decayheatingagreewithin-1% for decaytimes> 20 hours. This version
was used for all actinidecalculations,and for someof the aggregatefis-
sion-productdecayheatingfor coolingtimes> 20 hours. The information
on @ and y heatingat shortertimes,all dataon individualfissionpro-
ductsat all timesand otheraggregategroupingswere calculatedusing
CT.NDER-10.

Librariesfor both codesare derivedfromprocessedENDF/B-IV
4-6

data

for the fissionproducts,* and frompreliminaryENDF/B-Vfor the actinides

except,as notedbelow,for actinidedata derivedfromEPRI-CELL.7

Actinidedata for -3 nuclides(notincludedin ENDF/B-V)were obtainedfrom

othersources. The crosssectionsused are in fourneutronenergygroups.

TOAFEWCODE8:154 multigroupcrosssections,obtainedusingtheNJOY9
processingcode,are includedin the TOAJ?EWlibrary. This codecol-
lapsesthemultigroupcrosssectionsto the fourgroupvaluesused in
CINDERusinga typicalLWR spectrum. All fission-productcrosssections
and crosssectionsof thoseactinidesnot obtainedfromEPRI-CELLwere
obtainedusingTOAFEW.

EPRI-CELLCode7: This proprietarycodewas used to obtaintime-dependent
234U 235U 236U 238U 239PU

self-shieldedcrosssectionsfor 9 9 9 9 , ‘lPu,

and 241Am. It was alsoused to obtainratiosof the firstthreeenergy
groupfluxesto the thermalflux. The valueswere basedon existing
EPRI-CELLcalculationsfor a PWR fuelthatis neutronicallyvery similar
to thatof TMI-2.

The validityof summationcode calculationsusing

extensivelydiscussedin Refs.10 and 11; both reports

referencesto recentresearchon decayheat.

Additionalrequiredinputto CINDERis the TMI-2

initialfuel content. The powerhistoryIs discussed

contentof fuelis basedon the specificationsin the

ENDF/B-IVdata is

containextensive

powerhistoryand

in Sec.VI. The initial

TMI-2FSAR (FinalSafety

*
Only the branchingratioof

133 133m
T to Xe deviatesfrom the summary

data in Ref. 5 - fromENDF/B-IV. A more recentevaluationof thisimport-
ant parameterindicatesit shouldbe -3% and thischangehas been reported

133
to providegood agreementwith measured Xe contentin the TMT-2
coolantwater.

6



AnalysisReport).

B. ANS 5.1 DecayPowerStandard12

An extensiveeffortto producea newdecayheat standardfor light

water reactorswas initiatedin 1975 and essentiallycompletedin its tech-

nical content1978. At this time (August1979)the standardhas not yet

beenwidelydistributed;for completenessthe primarydata is includedin Appen-

dix A.

The new standardis basedon a jointLASL andHEDL analysisthat combines

severalrecentbenchmarkexperimentsand calculations,as describedin

Refs.10 and 11. Reference13 alsodescribesthe new standardand its past

history. In generalfor times<105 s the standardis a combinationof
235

calculationsusingtheENDF/Bdata in Ref. 4 and experimentsfor U and

239PU. The resultsof all of the experimentsare of high quality,obtained

since1975 atLASL, ORNL,TRT,UC(B) and in France (F-A-R). For longer
238

times,and at all timesfor U, the standardresultsentirelyfromCINDER-10

code calculationsusingENDF/B-IVdata. The analysiscombinesall data into

an equivalentpulsefunctionwhichwas chosento be a linearsum of exponen-

tial,

23

z

-Ait
f(t)= ai e MeV/Fiss-s .

i.sl

(1)

This can be foldedintoany powerhistorythat can be, e.g.,representedas

a seriesof histograms. For example,for a singlefuelat a constantfis-

sion rate for a timeT seconds,the energyreleaserateat coolingtime t

seconds,normalizedto the fissionrate is

23

F(t,T)=
z

-At
~ei

-~iT
(l-e ) MeV/Fiss ●

f=l ~i
(2)

Similarexpressionscan be used for determiningthe uncertainties.

In an operatingreactorthereis a mixtureof fuelsthatvarywith

time and generallya variablepowerhistory. For this,Eq. 1 is, essentially,

7



multipliedby the fissionrate for each fueland integratedto producethe

heatingin the unitsof MeV/s;the latterunitsare readilyconvertedto,

e.g.,MW. The a, A coefficientsfor each fuelare listedin AppendixA.

Pulse functionsdo not accountfor neutronabsorption.This is a

functionof each specificreactordesignand its powerhistory. For cool-

ing times<104 s the absorptioneffectis small- typically,the heatingin-

creaseis .1%, and is at most upwardsof-6% (forlong irradiationtimesat

c104 s of cooling). For longercoolingtimesthe effectcan be very large.

The new standardincorporatesan empiricalexpressionfor absorptionbased

on burnupfor timest <104 s and an upperboundvaluebasedon CINDER-10

calculationsfor longertimes(theupperbound can alsobe used as an option

at all times). The upperboundvalue is derivedfromtwo CTNDER-10calcu-

lationswith andwithoutabsorptionfor an unrealisticallylong irradiation

time and high fluxlevel.

It ie %mportanttonote.thatcalcuZat40nsforTMI-2andothercom-

parisoncase6in thisreportdo usetieupper boundabsorptioncorrec-

tion,exceptwhere%nd%cated%ntietabZes,andthenonZyfortimes~20hours.

l%eabsorptioneffect%s impzidtin theCINDER-ZOoutputat aZlcooling

iihes;somecaZcu2ationsusingthestarwikrddousetheupperboundcomec-

tion%n somecases,as spec%j%caZZynoted%ntheta3Zes,andonZyforCOOL

%ngtimes~20houxswherethecorrectionis smaZ1.

For aggtiegateffssion-productheatingat timest <20 hours,thenew

standardshouldbe superiorto calculationsusingCINDERor any othersum-

mationcode. We have thereforeused the standardfor the aggregateheating
14 in

duringthisintervalwherepossible. For this,a code,DKPOWR, -

corporatingthe pulsefunctionsis used. Fissionratesvs time fromeach

fuel,as calculatedby CINDER,are necessaryinputfor theDKPOWRcode.

For accuracyat longercoolingtimes,and for all coolingtimesrequiring

individualnuclidecontributions,a, 6, and y heatingcomponentsand special

setsof nuclidessuchas noblegasesor actinides,it is necessaryto use the

resultsof CINDERcalculations.Most of the resultsin thisreportare there-

forecalculatedusingCINDERand the datalibrariesdescribedpreviously,but

thenew standardis usedwherepossibleand whereit would improvethe accuracy

of grossfission-productheating.

8



C. TMI-2ReferenceParameters

The followingmiscellaneousparameterswere obtainedor derivedfrom

the FSARof TMI-2. Theseare includedfor completeness;only the derived

initialfuelatomsfromthesedataand ratedthermalpowerare importantto

thisreport.

tions

which

RATEDPOWER (MWt)=2772.
AVERAGEENRICHMENT(Wt% of 235U)= 2.57.

FUELWEIGHTOF U02 (lbs)= 204,820.

TOTALMASS OF U (Kg)= 82057.2.

FULLPOWERDENSITY(KW/Kg)= 33.8.

SPECIFICRATEDPOWER (W/cm3)= 280.75.

GROSSPOWERRATING(MWe)= 961.

NET DESIGNRATING(MWe)= 906.

The neutronspectrumused in collapsingthe 154multigroupcrosssec-

to fourgroupsfor the fissionproductsis describedin Refs.3 and 8,

also liststhe crosssections. Crosssectionsof the actinidesare

not listed. The dominateactinideshave exposure-dependentcrosssections

as describedpreviously;the remainderwere derivedusingthe same spectrum

as for the fissionproducts.

Anotherparameterrequiredby CINDERis the averagerecoverableenergy

per fission. This valuevarieswith fissioningnuclidesfrom202.64MeV

(235U)to 213.44MeV (241’Pu)for thermalreactorspectra. Valuesfor several

fissionablenuclidesat thermal,fastand 14 MeV fissionenergiesare listed

in TableD-XIIof AppendixD. For TMI-2,the averagevalueused in CINDER

WSS 3.261181 X 10’11 joules,or 203.56 MeV. Thisparameter,alongwith

actinidedensities,specifiedTMI-2powerlevelsand the fluxratiosderived

fromEPRI-CELLcalculationsdeterminethe four-groupneutronfluxlevelsand

hence the fueldepletionand fissionratesin the core. (Forreferencethe

averageratioof the resonanceregiongroupflux to the thermalvaluesis

-1.48. This appliesover the rangeof 0.625- 5530eV. The higherenergy

fluxesare not as significantas the thermaland resonanceregionvalues.)

VI. TMI-2POWERHISTORY

The monthlyMetropolitanEdisonreportsto the NuclearRegulatoryCom-

mission(NRC)were used to obtainan accurateapproximationto the detailed

TMI-2powerhistory. For use in calculatingdecayheatingan important

9



aspect of this history is the nearlyconstantpowerduringthe final20 days

priorto the incidenton March 28, 1979;the grosselectricaloutputshows

a dailyvariationof no more than-1.3%duringthisperiod. The thermal

energyproducedis -20.4%of the total. In addition,most (-52.5%)of the

totalthermalenergy[-6400231MWh(t)]was producedbetweenFebruary1 and

March 28with only a briefshutdownperiodon March 6. The earlierpower

historyis highlyvariable. Preciselevelscannotbe determinedfromthe

limiteddetailof themonthlyreports,but precisionin the earliertime

variation of the historyis not neededfor accuratecalculations;rather,

it is importantto reproducethe totalthermalenergy,particularlyfor

actinidebuildupcalculations.While only the net electricalpoweris

reporteddaily,the neededthermalenergyis reportedby month. For this

reportwe have used the dailyelectricalpowerto proportionand preserve

the accumulatedmonthlyvalue.

The resultingpowerhistoryis describedin TableI and Fig. 1. It

is unlikelythatany two peoplewould inferpreciselythe samehistozyfrom

the monthlyreports. For calculationsin thisreport,and probablyfor any

otherstudy,thishistoryis certainlyadequate. Basedon the ratedthermal

powerof 2772MW, the effectivefullpowerdaysof operationfor this

historyiS 96.2. (SomeearlierLASL studiesused 88 days,and the authors

have seen some correspondenceusing -52 and -94 days.)

The fissionratesby fuel typecalculatedwith the CINDERcodefor this

powerhistoryare listedin TableII; theseare requiredfor aggregatefis-

sion-productheatingcalculationswith the DKPOWRCode,usingtheANS 5.1

pulse functions,as previouslydescribed.

The readershouldnote thatduringthe final20 days of operation,
239PUaccouts for . 10% of the corepower (fissionrate)and - 6.6%over

the shortlife of TMI-2. For longerlifetimesthe 239Pu fractionalcon-
241PU

tributionto corepowercontinuesto increase,as does that from .

The importanceof thisobservationis apparentfromFig.A-3 in AppendixA:
239

the heatingfrom Pu fissionproducts is significantlysmallerthan that
----

from‘5’U at shortcoolingtimesimportantto LOCA.

aside,the earlydecayheat rateswould decreasefor

Thiswill be apparentin the surveycalculationsfor

notedin Sec.VII and AppendixD of thisreport.

10

Therefore,otherfactors

longerlivedreactors.

differentirradiationtimes



TA8LE I

Period

1
2
3
4
5

6
7
8
9

10

11
12
13
14
15

16
17
18
19
20

21
22

CINDERHISTOGRAMCOREPOWERHISTORY
THREEMILE ISLAND,UNIT 2

Start
Time/date

0300/4-21-78
1700/4-23-78
2030/9-17-78
0000/10-1-78
1400/10-5-78

0000/10-13-78
0500/10-28-78
1400/11-1-78
0000/11-4-78
0230/11-5-78

0530/11-7-78
1800/12-3-78
0200/12-16-78
0700/12-22-78
0000/1-1-79

0800/1-14-79
1440/1-31-79
0000/2-1-79
0000/3-1-79
1545/3-6-79

0815/3-7-79
0000/3-8-79

End
Time/date

1700/4-23-78
2030/9-17-78
2400/9-30-78
1400/10-5-78
2400/10-12-78

0500/10-28-78
1400/11-1-78
2400/11-3-78
0230/11-5-78
0530/11-7-78

1800/12-3-78
0200/12-16-78
0700/12-22-78
2400/12-31-78
0800/1-14-79

1440/1-31-79
2400/1-31-79
2400/2-28-79
1545/3-6-79
0815/3-7-79

2400/3-7-79
0400/3-28-79

At
(h)

62.0
3531.5
315.5
110.0
178.0

365.0
105.0
58.0
26.5
51.0

636.5
296.0
149.0
233.0
320.0

414.67
9.33

672.0
135.75
16.5

15.75
484.0

Elapsed
Time (h)

62.0
3593.5
3909.0
4019.0
4197.0

4562.0
4667.0
4725.0
4751.5
4802.5

5439.0
5735.0
5884.0
6117.0
6437.0

6851.67
6861.0
7533.0
7668.75
7685.25

7701.0
8185.0

Ave. Power
Mw(th)

611.6
0.0

524.52
1109.0

0.0

1488.94
0.0

2397.8
0.0

2034.1

0.0
2104.09

0.0
2467.3
2281.8

3::$!
2462.14
2743.5

0.0

1697.6
2699.704

—



I

I
I

I,
I

I

1
2



TIMESTEP

1
2

:
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

TIMEINTERVAL
HOURS

62.0
3531.5
315.5
110.0
178.0
365.0
105.0
58.0
26.5
51.0
636.5
296.0
149.0
233.0
320.0
414.67
9.33

672.0
135.75
165.0
15.75
484.0

TA8LEII

TMI-2FISSIONRATES
(AVERAGEVALUESPERTIMEINTERtoiL)a

235U

1.77+19b
o

1.51+19
3.18+19

o
4.24+19

o
6.76+19

o
5.72+19

o
5.86+19

o
6.77+19
6.19+19

o
8.94+17
6.47+19
7.07+lQ

o
4.35+19
6.83+19

%.sluesapply to thetotalccme.

bRead1.77+19as 1.77x 1019.

NOTE: Accumulatedfissionsare

235U - 6.1714+ 26
238U - 4.1879+25

239Pu= 4.6787+ 25

24% = 2.8248+ 23

SUM- 7.06087+26

238U

1.14+18
o

9.65-+17
1.98+18

o
2.66+18

o
4.27+18

o
3.67+18

o
3.78+18

o
4.43+18
4.10+18

o
5.97+16
4.52+18
5.05+18

o
3.12+18
4.96+18

FISSION/s
239PU

2.77+15
o

4.14+6
1.77+17

o
6.02+17

o
1.55+18

o
1.45+18

o
2.06+18

o
3.38+18
3.97+18

o
7.04+16
6.15+18
8.29+18

o
5.36+18
9.43+18

24%

7.81+8
o

4.16+11
4.59t12

o
1.06+14

o
4.M+14

o
5.04+14

o
1.44+15

o
4.48+15
9.38+15

o
1.88+14
3.03+16
5.86+16

o
4.04+16
9.2M-16

TOTAL

1.884+19
o

1.608+19
3.400t19

o
4.56+19

o
7.347+19

6.2!6+19
o

6.44+19
o

7.556+19
7.003+19

o
1.024+18
7.54W19
8.412+19

o
5.206+19
8.274+19



VII. TMI-2DECAYPOWERAND COMPARISONS

In this sectionthe tabularand graphicaldecaypowerdataon aggregate

resultssuppliedto the Commissionare listed,includingcomparisondata

for the equilibriumcoreand graphicalcomparisonsof a seriesof requested

calculationsfor 11 irradiationtimes.

The resultsfor each importantnuclide, noblegas and halogen,other

informationas previouslydescribed,and componenttabulardata for the 11

irradiationtimesare includedin appendices.

All data for curiesand decayheatingin MW are averagetotalcore

values. All TMI-2resultsare basedon the powerhistoryin TableI and

Fig. 1.

A. TMI-2Heatingand Curies

TABLE 111 lists the decaypower in MW from fissionproductsand actinides,

includingthe beta,gammaand alphacomponents(thereis no

significantalphacomponentfrom the fissionproducts).

Fi~re 2 Totalcore decaypowerfromactinidesplus fissionproducts

is plotted.

Figure3 Totaldecaypowerfrom the actinidesand fissionproductsare

compared. (AppendixE showssimilarcomparisonsfor three

long livedgenericreactorsand AddendixD liststabular

valuesfor TMI-2if operatedfor elevenirradiationtimes-

a graphicaland tabularcomparisonof totalvaluesis included

furtheron in thissection.

‘)VU3LEIV This is similerto Table111 for decaypowerexceptnoblegases.

halogensand a specialset of nuclidesare also listed. The

specialgroupof nuclides, specificallyrequestedby the Com-

missionStaff,consistsof all isotopesof Br, I, Te, Ru, Cs,

Ba, and Sr. (Gaseousdata are plottedin AppendixC.)

~ABLEV lists the totalcuriesin all fissionproducts,noble gases,

halogensand the specialset of nuclidesnotedabovealong

with actinidecuriesand curiesin the totalcore.

B. ComparisonsWith EquilibriumCore

The equilibriumcore calculationtracesthe actinideand fission-product

decaypowerin each of threespeciesof reactorfuel followingshutdownat

the end of an equilibirumcoreperiod. The equilibriumcore is assumedto
I
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235
consistof equalfuelvolumesof 2.96Wt% U reloadfuelirradiated

for one, two,and threeyears. Specifically,the threeregionsconsistof

a) 1/3 of the core irradiatedfor the last 330 daysprior to shutdown,

b) 1/3 irradiatedfor 330 days,shutdownfor 35 days,and then

irradiationfor the final330 days,

c) 1/3 of the corehavingtwo 330 day irradiationand 35 day shutdown

periodsprior to the final330 day irradiation.

The corewas assumedto operateat the full thermalpowerof 2772MW

for the equilibriumcalculations.The specificcorepowerdensitywas main-

tainedat 33.8KW/Kg (basedon originalloading)duringthe poweredintervals.

The equilibiuwcoredischargefuel thushas an exposureof 33.462GWd/t.

TABLEVI showsthe actini.de,fissionproductand totalheatingfor each

fuel cycleand the totalcorevalues.

TABLEVII showsthe comparisonsto TMI-11with the totalequilibriumcore.

Figure4 showsthe graphicalcomparisonof the totalcoredata in Table

VI’i.

The readermay preferto normalizethe TMI-2and equilibriumcore

valuesto theirrespectivepowerlevelsof 2699.7and 2722MW. In this case

the decayfractionof the powerpriorto shutdownfor the equilibriumcore

is smaller than that of TMI-2 for the first100 s of cooling;the absolute

valuewithoutnormalizationis the smallerfor the first40 s. The primary
239

reasonfor thisbehaviorIs smallerheatingfrom Pu productsthanfrom
235

U, discussedin an earliersectionand in AppendixA.

C. DecayPowerFractionsvs IrradiationTime

AppendixIIcontainsdetailedtabulardata for fission-productand

actinideheatingfor 11 constantirradiation(power)periodsand cooling

timesbetween1 and 10
13

S (-3.2X 105 y). All resultsare basedon a full

TMI-2corepowerof 2772MW, and detailsare notedin theAppendix.

TableVTII and Fig. 5 showa graphicalcomparisonof all totalcore

heatingcasesnormalizedto the totalcorepowerpriorto shutdown. It is

interestingthatthe one-monthirradiationshowsan initialnet valueex-

ceedingall othercases. (It also exceedsthe initialTMI-2fractional

value.)

D. Comparisonsof GenericLightWater Reactors

AppendixE showsgraphicalcomparisonsfor threetypesof lightwater

reactors. One is similarto TMI-2and is includedwith more thanone

20
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TABLEVII

COMPARISONOF CALCULATEDDECAYPOWEROF
TMI-2WITH END-OF-CYCLEEQUILIBRIUMCORE

Cooling
Time

1.00+0Sa
4.00+0s
1.00+1 s
4.00+1s
1.00+2s

4.00+2S

1.0W3 s
1.00t0 h
2.00+0 h
5.00+0 h

1.00t1 h
2.00+1 h
5 .00+1 h
1.00+2 h
2.00t2 h

5.00+2 h
1.00+3 h
2.00+3 h
5.00+3 h
1.00+0 y

1.00t4 h
2. OCH-4h
5.00+4 h

Total Core DecayPower,MW

TMI-2 Eq. Core

1.68+2 1.63+2
1.48+2 1.45+2
1.30+2 1.28+2
1.03+2 1.03+2
8.60+1 8.7(w1

6.52+1 6.7(H1
5.28+1 5.46+1
3.56+1 3.73+1
2.84+1 3.03+1
2.14+1 2.38+1

1.74+1 1.99+1
1.39+1 1.65+1
8.93+0 1.15+1
6.59+0 8.90+0
4.55+0 6.57+0

2.59+0 4.31+0
1.56+0 3.02+0
8.83-1 2.03+0
3.23-1 1.02+0
1.40-1 6.09-1

1.15-1 5.36-1
4.35-2 2.54-1
1.13-2 8.36-2

head as 1.OOICIOOseconds.
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irradiationperiod. This appendix,basedon earlierdatapreparedfor Ref. 15

is includedfor generalinterestand for the detailedplotsof actinide

content. However,the fission-productheatinguses the upperbound correction

for absorptionin fissionproductsgivenin theANS 5.1 Standard. As noted

in a prior section,thiscorrectionis likelymuch

times. Therefore,resultsin thisAppendixshould

exceptfor the actinideheating.

VIII. SUMMARY

too largeat some cooling

onlybe intercompared

The previoussectionprovidesbest estimatesof the totalcoredecay

powerand curiesfor TM-2 , and comparisondecaypowersfor the equilibrium

coreand a surveyof valuesfor a wide rangeof irradiationand coolingtimes.

The decaydatausedhavebeenwidely testedand the four groupcrosssec-

tionsand fluxesshouldcloselymatch the valuesin TMI-2. The very recent

ANS 5.1 decaypowerstandardhas been usedwherepossibleandwhere it is

believedto be more accuratethancalculationsusingthe EPRI-CINDERsum-

mationcode. This is onlypossiblefor totalfission-productheating,and

for thisit is less accuratethan the summationcalculationsfor times>20

hoursof cooling.

The Q, 13,and y componentsof

valuesfor specificnuclidegroups

calculations.

All valuesapplyto the total

heating,actinideheating,and all other

necessarilyresortto the summationcode

core assumingall nuclidesare retained

in the fuel;some of theheatingfor nuclidegroups,particularlyfor the

noble gasesand halogens,indicatethat therecanbe a very significant

decreasein heatingratesonce the fuel claddingis breached,as apparently

happenedin part of the TMI-2 fuel.

As is clearfrom comparisonswith the equilibriumcore case and the

graphicaldata in Fig. 5, the decayheatingratesare largerduringthe

firstfew coolingsecondsfollowingrelativelyshortirradiationtimes

of freshfuel than for long irradiationperiods,a resultof the relatively
239

small Pu contentin freshfuel.

AppendicesB and C containdetailednuclideresultsfor the larger

contributorsto fissionproductheatingcomponentsand curiesand also the

detailedcontentof noble gasesand halogens. Comparisonresultsfor a
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constantpowerof 2772.0MW for 26 000 hoursare included. Thesedata

arenecessarilybasedentirelyon summationcode results.

All data in thisreport,with the exceptionof the supportinginformation

on the ANS 5.1 Standardin AppendixA and the genericreactorcomparisons

in AppendixE were specificallyrequestedby thePresidentialCommission.

All non-redundantdata suppliedto the Commissionto date (August16, 1979)

thatare basedon an accuratepowerhistory,exceptfor the decayspectra,

are included.
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APPENDIXA

THE 1978ANS 5.1 DECAYPOWERSTANDARD
SUMMARYOF DATA USED IN

.

FOR LIGHTWATER REACTORS:
THIS REPORT

The new standardis representedby pulsefunctionsas discussedin the main

textof thisreport[Eqs.(1) and (2)]. The actualstandardliststhe parameters

for the functionsand usestheseto generatetabularheatingratesvs coolingat
13

six pointsper time decadebetween1 and 10 s for the pulseand 1 and 109 s

for the ‘infiniteirradiation for
235U 239PUand 238U

9 . The user has the op-

tion of using the functions, as in thisreport,or the tabulardata as explained

in the standard.

The infiniteirradiationcase isactually generatedfromEq. (2)where each

fuel is assumedto producepower at a constantfissionratewithoutdepletion.

This is an artificethatpermits,in principle,the same informationalcontent

in the tabulardata as is containedin the pulse functions.

Neitherthe pulse functionsnor the tabulardata accountfor the effectof

neutronabsorptionby fission-products.This is dependenton the specific

reactorand its powerhistory. As noted in the text,the net effectof neutron

absorptionfor coolingtimes<104 s is smalleven followinga long irradia-

tion time. The standardaccountsfor thiswith an empiricalequationup to

104 s and an ‘upperbound~basedon two CINDER-10summationcalculationsfor

a very long irradiationperiod (4 years)at large fluxlevels. The user has

the optionof using the upperbound at any coolingtime and also of using

documentedsummationcalculationsat any time. The upperbound correction,

tabulatedin TableA-I and plottedin Fig.A-1, is inappropriatefor the short

lifeof TMI-2. Tt was used only for the first4 x 104 s, and onlywhere so

indicatedin the tabulardata. For longertimesthe directCINDERresults

were usedbecausethesealreadyincludethe absorptioneffect.

29



The pulse functionparametersare listedin TableA-II. Theseare used in

the DKPOWRcodewith fissionratesfromCINDERto produceaggregateheatingrates

up to 4 x 104 s, exceptin the detailedCINDER-10data in AppendicesB and C.

Fissioningnuclidesotherthan
235U 239PUand238

U are assignedthe 235Uvaluess

when the standardis used.

Variablemixturesof fissionrates,includinguncertainties,canbe treated

as discussedin the standard. The DKPOWRCode describesthis in more detail,in-

cludingsome clarificationof aspectsthatmay be of interestto usersof the

standard.

One problemthat confrontsthe user is the treatmentof uncertaintieswhen

using the pulse functions. The DKPOWRCode incorporatesan extremelyaccurate

fit to the absolute10 uncertainties,Af, in f of Eq. (l). ThesegiveAf as a

functionidenticalin form to Eq. (1)but with differentparameters,

23

x-

-ylt
Af = ~i e MeV/fiss-s “ (A-1)

i=l

The parameters(~,y) are listedin TableA-IIIbut are not includedin the

standard. The standardprovidestabulardataand usersmust interpolateto get

appropriatevaluesof Af.

The decayheatingor powerin the unitsof MeV/fissrepresentthe decay

energyreleaserate in MeV/s at specifiedor listedcoolingtimesnormalizedto

the fissionrate duringpower

MeV/s
MeV/fiss~ as . (A-2)

Suchunitsare meaningfulonly for the caseof a constantfissionrate during

the poweredinterval. The releaserate inMeV/s canbe obtainedusinga sumof

the integralsof the productof eachpulse functionand the correspondingfis-

sion rate of each fuel. In thisreportwe have representedthe variablepower

historyof TMI-2as a seriesof histograms,usingthe ratesin TableII. The

fissionproductdecaypowerat any specificcoolingtimehas been accumulated

from the separatecontributionsof eachhistogram. The unitsofMeV/s can be

readilyconvertedto MW using the relationship1 MeV/s= 1.60207x 10-19MW.

sion

30

FigureA-2 showsthe absolutecomparisonof heatingratesfor a singlefis-

pulse for each of the threefuels. The differencesare emphasizedin Fig.



A-3 which

radiation

certainty

239PU~d 238Ufrom235show the deviationsof U for the infiniteir-
case. FigureA-4 showsthe new standardfor 235U and its smallun-
comparedto the olderstandardand its uncertainty.

TABLEA-I

RATIOOF DECAYHEATWITH ABSORPTIONTO
VALUESWITHOUTABSORPTIONa

Time After qax(t) Time After Gmax(t)
Shutdown(see) Shutdown(see)

1.0

1.5
2.0
4.0
6.0
8.0
1.OE+l
1.5E+1
2.OE+l
4.OE+l
6.OE+l
8.OE+l
1.0E+2
1.5E+2
2.0E+2
4.0E+2
6.0E+2
8.0E+2
1.0E+3
1.5E+3
2.0E+3
4.0E+3
6.0E+3
8.0E+3
1.0E+4
1.5E+4
2.0E+4
4.0E+4
6.0E+4
8.0E+4
1.0E+5

1.020

1.020

1.020

1.021

1.022

1.022

1.022

1.022

1.022

1.022

1.022

1.022

1.023

1.024

1.025

1.028

1.030

1.032

1.033

1.037

1.039

1.048

1.054

1.060

1.064

1.074

1.081

1.098
1.111

1.119

1.124

1.5E+5
2.0E+5
4.0E+5

6.0E+5
8.0E+5
1.0E+6
1.5E+6
2.0E+6

4.0E+6

6.0E+6
8.0E+6
1.0E+7

1.5E+7
2.0E+7
4.0E+7
6.0E+7

8.0E+7

1.0E+8
1.5E+8

2.0E+8
4.0E+8
6.0E+8
8.0E+8
1.0E+9

1.130

1.131
1.126
1.124
1.123
1.124
1.125
1.127
1.134
1.146

1.162
1.181

1.233
1.284

1.444
1.535

1.586
1.598

1.498
1.343
1.065
1.021
1.012

1.007

aRatio8asedon: 235U thermalfissionfor 4 years,no depletion,
typicalLWR spectrum.
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TABLEA-11
PARAMETERS

FOR
PULSE AND FIWTE IWZADIA770NDECAY-HEAT

FUNCTIONS I( [t) and F(t,T)

u-235
Thermal

a A
6.5057E-01 2.21MK+01
5.1254E-ol 5.1587c-01
2.4304C-01 1.9594E-01
1.3850E-01 1.0314C-01

5.5440E-02 3.3656E-02
2.2225E-02 1.1681E-02
3.308(K-03 3.5870E-03
9.3015E-04 1.3!XV2E-03
8.0943E-04 6.2S30E-04
1.9567E-04 1.U!IOGE-04

3.2535E-05 5.498flf-05
7.5595E-06 2.O’M3E-05
2.5232t-OS 1.OO1OE-O5
4.9948E-07 2.5438E-06
1.8531E-07 6.6361E-07
2.6f3011E-Oa 1.2290E-07
2.25913E-09 2.721X-08
8.1641E-12 4.3714E-09
8.7797E-11 7.57t?OS-10
2.5131f-14 2.4786E-10
3.2176E-16 2.2MME-13
4.5038E-17 2.4600E-14
7.4791E-17 1.5699E-14

i5/7tt) -

u-238
Fast

a A——
1.2311E+O0 3.2881E+O0
1.1486E+O0 9.3805E-01
7.0701E-01 3.7073E-01
2.5209E-01 1.1118E-01
7.1870E-02 3.6143E-02
2.8291E-02 1.3272E-02
6.8392E-03 5.0133E-03
1.2322E-03 1.3655C-03
6.8409E-04 5.S158E-04
1.6975E-04 1.7873E-04
2.41~~E-05 4.9032E-OS
6.635W-OG 1.705!3E-05
1.0075E-06 7.0465E-06
4.9894E-07 2.3190E-06
1.6352E-07 6.4480E-07
2.3355E-08 1.2649E-07
2.8094E-(KI 2.5548E-08
3.623GE-11 8.4782E-09
6.4577E-11 7.513!X--1O
4.4963E-14 2.4I8Z3E-10
3.6654E-16 2.273X-13
5.6293E-17 9.0536E-14
7.1602E-17 5.6098E-15

PU-239
Thermal

A
2.08:OGOI =-1
3.8S30E-01 6.4330E-01
2.2130E-01 2.1860E-01
9.4600E-02 1.0040E-01
3.531OE-O2 3.7280E-OZ
2.2920E-02 1.4350E-02
3.9460E-03 4.5490E-03
1.3170E-03 1.3280E-03
7.0520E-04 5.3560E-04
1.4320E-04 1.7300E-04
t7650E-OS 4.881OE-O5
7.3470E-06 2.0060E-05
1.7470E-06 8.3190E-06
5.481OE-O7 2.3580E-06
1.671OE-O7 6.4500E-07
2.1120E-08 1.2780E-07
2.9960E-09 2.4660E-08
5.107OE-11 9.3780E-09
5.7300E-11 7.45OOE-10
4.1380E-14 2.426OE-10
1.OWJOE-lS 2.21OOE-13
2.4540E-17 2.6400E-14
7.5570E-17 1.3DOOE-14
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235U

~~
1.1306+0 2.3079+0
1.468(HO 2.5578+0
3.4480-1 2.4554+0
8.5155-3 2.4783+0
3.2872-2 3.7832-1
8.2958-3 1.2756-1
1.5202-3 3.5541-2
2.8260-4 1.0309-2
9.5539-5 6.3926-3
4.1938-5 1.3593-3
8.2175-6 2.8126-4
7.9662-7 5.7595-5
6.0345-8 8.5336-6
6.9231-9 2.2085-6
3.7062-9 6.6361-7
5.3216-10 1.2290-7
4.4796-11 2.7213-8
1.6328-13 4.3714-9
1.7559-12 7.5780-10
5.0262-16 2.4786-10
6.4352-18 2.2384-13
9.0076-19 2.4600-14
1.4958-18 1.5699-14

THE PULSE

TABLEA-III

PARAMETERS
FOR
Af

FUNCTIONUNCERTAINTY*

238U 239PU

2.6985-1
4.6317-1
3.3342-2
5.2368-2
1.6377-2
3.3312-3
3.4399-4
2.9573-5
4.5202-5
1.2485-5
1.4719-6
4.3067-7
2.8213-8
6.0028-9
6.3270-9
8.9103-10
1.1371-10
1.4076-12
3.2341-12
2.2547-15
1.8325-17
2.8240-18
3.5792-18

5.6768-1
2.1447+0
2.6939-1
1.2343-1
3.7050-2
1.3551-2
3.8277-3
1.1444-3
6.9141-4
1.9674-4
5.9641-5
1.7524-5
3.7664-6
1.9651-6
6.8983-7
1.3242-7
2.3771-8
9.1546-9
7.5130-10
2.4188-10
2.2768-13
900019-14
5.4671-15

1.9530+0
1.2000-4
3.0310-1
2.0617-2
2.0761-2
4.8726-3
1.4982-4
1.1519-3
4.9044-5
2.8594-6
4.2090-6
4.8789-7
1.4067-7
2.9496-8
8.3735-9
1.0591-9
1.5014-10
2.5438-12
2.8675-12
2.0731-15
5.4574-17
1.2296-18
3.7807-18

2.1278+0
2.0370+2
2.1127+0
2.1132+0
2.5175-1
6.8314-2
3.3741-3
1.4929-2
7.0130-4
1.1230-4
1.7173-4
2.4989-5
1.0014-5
2.4173-6
6.4468-7
1.2806-7
2.4668-8
9.4104-9
7.4481-10
2.4337-10
2.2119-13
2.6741-14
1.3870-14

*
Theseaccuratelyreproducethe 10 valuesin Af of theANS 5.1 Standard
~hen used in Eq. (A-l),but theseparametersare not listedin the
standard.
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Fig.A-2.
ANS 5.1 Standardfission-product

decaypowerpulsefunctions.
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APPENDIXB

TMI-2
CURIES,ATOMS,AND DECAY

OF
POWERS

MAJORFISSION–PRODUCTCONTRIBUTORS
AND

COMPARISONRESULTSFOLLOWINGAN EXTENDEDPOWERPERIOD

For the TMI-2powerhistoryand a 26 000 hour irradiationat constant,

fullpowerof TMT-2,the CINDER-10resultsfor collectiveand individual

nuclidecontributionsat eachof 24 coolingtimesare summarizedin this

Appendix. At each coolingtime (thesame timesas in the main textplus the

instantof shutdown)any nuclidecontributingmore than0.5% to the values

of the totalsummationsover all fissionproductsof curies,beta, gamma,or

beta + gammaenergiesis listed.

All data are calculatedusingthe ENDF/B-IVdatabase in CINDER-10and

actinidecrosssectionsfromEPRI-CELLas describedin themain text. There-

fore,the totaldecayheatingfrom fissionproductswill differby a small

amountfrom the aggregatevaluesin the main textbecauseof the use there

of the ANS 5.1 Standardfor times<20 hours. For coolingtimesup to a few

minutes,the standardis believedto be more accuratethan calculations,but

as the coolingtimeincreasesit is increasinglyprobablethat thesesumma-

tion calculationsare more accuratebecauseof the accurateaccountingfor

neutronabsorptionspecificto TMI-2. The absorptioneffectis discussedin

the text,and in AppendicesA, D, and E.

Each tableof time stepdata is headedby informationfor the aggregate

sumsover all fissionproductsand otherdata as labeled. The firstquantity

listedis the time stepnumber,time step 22 representingvaluesat the end

of the last time at powerbeforetheMarch 28 incident. The secondquantity

is the coolingtime in seconds;this is O. at time step 22. The totalelapsed

time over all time stepsfollowsthe coolingtime.

All otherquantitiesheadingeach tableare valuesapplicableto the

totalcore. The accumulatedfissionand totalfissionproductsin sum are
-24

reducedby the factor10 , a commonpracticein reactordesign. The beta,

gammaand total (beta+ gamma)decaypoweris specifiedin MW and in MeV/fiss,

the latterunitbeing

38



I

MeV/s
MeV/fissZ ft~s,s ,

whereMeV/s is the decaypowerrate in MeV per

ing timeand fiss/sis the fissionrate during

in this case the rate is 8.27x 10
19

for TMI-2
19

rate is 8.59x 10 fiss/s).

secondat the specifiedcool-

the last time step at power;

(forthe secondset of tablesthe

The tabulardata for each nuclideconsistsof the followingquantities.

COL

1

2

3-6

7-9

10

11

12-14

QUANTITY

NumericalID where the firsttwo digits= the atomicnumberZ,
the next threedigits= mass numberA, the sixthdigitspe-
cifiesthe isomericstate(O = ground,1 = firstisomeric,
etc),and the finaldigitis O in all cases.

Chemicalsymbolcorrespondingto the atomicnumber.

Listspercentagesfor beta, gammaand beta -f-gammadecay
energyof the total,and the percentof curiesof the total,
where

Lists

Lists

Lists

totalrefersto all fissionproducts.

the decaypowerin MeV/fission,as dfscussedabove.

curies(totalcore).

the “density”where,in this case,densityrefersto
the totalatomsof the nuclidein the coremultipliedby the

factor10-24.

Liststhe decaypowerin MW for beta,gammaand beta+ gamma.

As the coolingtime increasesthenumberof nuclidesmeetingthe

~ Oo5%-of-totalcriteriafor inclusionin thesetablesdecreases, particularly

for TMI-2. That is, a few nuclidesdominatethe totaldecayat long times.

The secondset of tablesis identicalin form to the firstset but is

basedon a constantpowerof 2772MW for 26 000 hours (-2.97years). This

case is comparableto 1/3 of the equilibriumcore fuel followingthreecycles.

It differsin the followingrespects:

● All fuelis assumedto producepower constantlyfor 26 000 hours.

● Each fissionablenuclideis assumedto producethe same energyper
fission.

● Fuel crosssectionsare basedon EPRI-CELLat mid-life;that is,
thesecrosssectionsare self-shieldedat the mid-lifevaluebut
are not timedependent.
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The differencesare not importantfor the intendeduse of thesetables,

namely,to providea generalcomparisonof nuclidedata forhighlyirradiated

fuel. The numberof timestepsat powerwas maintainedat 22 and the decay

(cooling)timesare the same as used for TMI-2so that timestepnumbers

correspondto the same coolingtimesas in the firstset of tables.

The readershouZdnote thatthecaZcuZationgforthegecondgetof

tabi?esusesa powerlevelof2772MW. HadTMI-2been at fuZZpouerduting

<tslastpowered<ntervaZthef{ss<onproductdecayenergywouldbe increased

by-2.7%foreachnucl%ckduringthef~rstdayor morefolkw$ngtheMoch

28kx%knt.
It is interestingto note that thenumberof nuclidesmakingconsiderable

(20.5%)contributionsto totalfission-productdecaypowerfar exceedthe cor-

respondingnumberimportantto totalactinidedecaypower,as shownin Fig.B-1.

\

....%. ..----- TMI-2
-... ......... 26000hr.case

\

-.%.
‘,
‘,
‘.
‘.

Fission
‘.‘.

Products ‘,-------

\

-..,.
‘.,

‘.
‘.

. . .
..-.--$,

9.
‘s
9,●.*

●..
‘.
‘.

‘.*
‘.
‘.

---------------------------.......... ..... .......... ..............

I I 11111111 1IIInq I I I I1111] I I Illlq I I 1111111I I Illllq i I 11111~ 1 111111

‘ 102 103 104 105 106 10’ 10” 10’
CoolingTima(a)

Fig. B-1.
Number of nuclides contributing zO.5%of

ftotal actinide or fhion-product ecay power.

40



u

III

za$
-.wzt-

—



m
r-m

O
.O

-t.d----o-
000000000000
+
1

+
1

1
1

1
1

1
1

+
1

W
w

L
u

w
w

w
u

.
u

lu
u

J
u

N
m

m
-.o

d
m

o
m

m
e
e

**
N

d
Iu

O
e

m
N

4
P

.6
J

IA
m

N
m

O
Q

+
U

$
d

C
Ie

A
.

.
.

.
.

.
.

.
.

.
.

.
N

e-*effm
.+.ae

H
a

4
2



H
H

d
0

R
J

d
4

d
N

ol
N

C
.IN

0
0

0
0

0
0

0
0

0
0

0
0

0
1
1
1
*1

1
1
1
1
1
1
1
1

W
IA

IIA
IU

J
W

U
4

W
W

W
W

W
U

J
w

.rO
m

m
ln

-+
w

m
a

w
m

+
e

o
-e

o
”w

w
r-w

m
Q

-
W

e
n

o
m

m
n

w
m

m
a

e
o

.
...0...

.
.

.
.

.
l~

4
m

N
lU

4
m

N
d

d
w

I~
m

d
@

1
6
J
fu

N
--.

N
ti.

.-
N

d
N

N
I-!N

.4*0
d
lU

d
N

d
O

ff
C

W
-i

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

+
1

1
1

1
1

+
1

:1
W

w
w

lu
lu

w
w

w
w

w
W

W
w

w
w

u
lw

u
llu

w
W

U
L

U
U

U
U

J
W

W
W

*-m
U

le
m

lW
r-w

@
u

m
’o

m
ln

*m
e

H
Q

d
-

-1
0

1
-I

O
Q

U
IU

m
in

.
f-*d

lm
m

Q
m

N
A

n
.rn

ltin
=
o

tim
-

m
=
e

d
m

-m
tiM

m
-8

a
Y

**d
*-l

C
U

m
a

m
m

e
w

-lm
d

m
0

**t1
3

1
-m

O
*

.
.

.
...0

.0
.

.
.

.
.

.
.

.
.

.*
...*..*

.
.

.
o

d
-tn

4
-Im

m
e

N
ru

-m
d

d
~
m

*~
d

d
N

r--a
d

d
r-e

-a
.

..
.

.
.

.
O

-r.rarld

N
N

O
d

m
ti.0

-8
m

rn
o

-c
0

0
0

0
0

0
0

0
0

0
0

0
0

It+
ll+

l+
+
ll+

1
W

U
IW

W
U

J
L

W
W

W
W

U
J

w
u

l
ea

N
6N

t-Jm
e

ru
m

-l
e

m
m

m
a

e
o

ffa
-c

u
-

o
-m

d
u

-.
.a

c
re

rm
rw

ti
m

m
fu

w

r-r--?-e
-r-l-r-l-r-

m
e

r-I-t--
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
+

.+
+
+
+
+
+
.+

+
+
+
*+

*
W

ululuw
ulw

w
w

ul
U

4
W

U
J

U
J

U
W

W
U

w
a

e
n

l-rw
m

om
O

c
.l

P
lm

w
.-o

c
+
a

=
-N

=
$

-ro
m

~*eO
-

N
-N

ll-~
-M

w
4*N

t7
-O

a
l-=

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

a
sl+

-$
t-m

r-rim
e

.
e

.-o
-tu

lm
tu

.
.

.
.

.
.

d
m

lrw
m

w
w

m
n

4
rd

d
m

m
N

w
m

N
m

m
m

0
0

0
0

0
0

0
0

0
0

0
0

0
1
1
1
1
1
1
1
1
1
1
1
1
1

W
U

W
U

J
W

W
U

IW
.

IU
W

w
w

C
e

.
lvn

l.o
.

e
e

trru
rrm

e
-

*o
o

w
e

se
&

e
f-

.rd
m

.rd
*u

iw
u

&
e

r.tlw
*

m
a

.
.

.
.

.
.

.
.

.
.

.
.

.
-l-*ti-w

N
.-l

-l
N

r-tm

N
C

U
(-N

~
N

-8
*1

-N
0

0
0

0
0

0
0

0
0

0
Ilflllllll

W
u

.
w

lu
w

lu
lu

w
w

w
.m

r-e
m

m
e

ru
d

ln
d

(n
m

N
w

*r-c
T

@
lm

N
U

4
rIT

.3
r.t

N
-O

d
.

.
.

.
.

.
.

.
.

.
W

n
la

-s-!m
d

d
m

m
d

.
.

.
.

.
.

.
.

.
e

e
-d

d
c

u
m

d
e

.N.“a
-

$
-



..c
d
ru

d
-4

r.ld
N

-l
N

-N
000000000000
1

1
1

1
1

1
1

1
1

1
1

1
W

U
J

W
U

IW
U

J
W

W
W

IU
W

w
Q

d
.ro

a
a

o
f-o

m
w

e
O

o
n

lo
-tr-ru

w
.

ro
e

d
d

a
e

e
m

w
w

m
f-

-m
m

.
—

.”
.
.
.
”
.
.
.

.
.

.
.

.
.

.
.

.
..

.
.

.
.
.
.

.
.
.

.
.

m
ru

m
m

ru
m

-ta
-a

-Id
N

m
N

d
ti.

4
4
4

.N
d

d
n

J
d

d
m

m

.
.

.
.

.
.

.
.

.
.

.
.

...0
.

.
.

.
.

.
.

.
.

.
.

.
.

0-fN
-N

.-*~
=

4d
r4+

dlN
ti~

w
d.O

H
d

IT
!I-O

+
=
N

A

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
N

O
A

tW
-d

G
*

O
d

O
N

O
+
e

J
C

U
~
N

N
*b

d
-I

-4
N

-4
-4

*rJ
I

l.,
d

r.-id
o

ru
m

m
o

0
0
0
0
0
0
0
0
0

+
+
1
+

+
8
1
1
+

U
U

IW
W

U
J

U
IU

J
U

J
W

m
m

a
m

l
O

l-O
’N

r-
.n

e
m

m
e
r-m

.rr4
*e

m
c
-ffIw

N
4
0

.
.

.
.

.
.

.
.

.

N
d

N
d

O
N

O
d

N
c

-
0
0
-t.

d
O

.-l
W

l
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

1+
1111

+
1
1
1
+
+
1

+
1
+
+
1

W
lu

w
u
lu

lw
u
lu

w
u
.

W
U

J
U

IW
U

IW
W

W
N

m
tib

m
m

o
d
d
m

n
lN

*.rc
(.lm

*
m

-o
m

e
sw

m
m

-
N

m
m

O
m

e
d

d
Q

2
0
0
0
U

i~
0
t!l

W
d

N
@

.Y
#
w

O
d

-
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.

w*u
.In

’
*1.W.

V
I

zm0.

.-

6
4



.
.

.
.

.
.

.
.

.
,d

*.n
(w

ld
N

M
d

a

d
m

J
-lru

r.J
d

O
N

w
0

0
0

0
0

0
0

0
0

1
1

1
1

1
1

*II
U

1
.

lu
w

lu
w

w
w

w
C

.o
ffu

ln
m

-m
m

m
e

m
a

-ro
e

o
a

O
m

.re
Om

m
m

*
.

.
.

.
.

.
.

.
O

d
m

c
vn

m
..

0
.9

d
a
0
d
w

0
tn

a
0

-1
W

rd
o

o
d

.-d
o

-l
m

O
r.J

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
+

+
+

+
1
1
+
1
1
+
1

11++
1

+
1

+
+
1

+
t

W
IU

IU
IA

4
U

W
W

W
W

W
U

.’w
.

u
lw

.
w

w
W

lsu
w

u
l

W
iti

H
a

Q
*c

.o
’

o
r-

m
m

+
o

sm
m

o
=
-

*m
f-

N
o

m
e

-a
.-la

w
u

-l
ti.-llm

+
m

.
rooeoa

*
.rm

N
a

O
N

m
a

n
.0

0
w

N
m

u
-m

O
-O

re
Q

Q
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

6
5



d
-O

d
d

f.J
N

d
N

e
.ld

N
..t

N
d

O
d

H
r4

.4
e

.I
0

0
0

0
0

0
0

0
0

0
0

0
O

o
o

o
o

o
o

e
1

1
1

1
1

1
1

1
1

1
1

1
1

$
+
1

1
1

1
1

W
ln

w
w

lu
u

lw
lu

w
w

u
w

w
w

U
J

u
lu

J
lu

u
ltu

*e
o

o
m

l-M
e

r-N
m

e
m

lm
m

m
a

o
.m

b
C

m
..

C
m

*
b

.rm
b

F
-e

d
m

O
**n

J
m

*~
m

e
.re

a
.

e
m

a
d

l-o
w

h
r-m

m
d

.a
m

I-o
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.

m
d

d
e

.ln
J

d
w

m
N

N
0

0
0

0
0

0
0

0
0

0
1111111111

U
Iw

lu
iu

w
lu

w
tu

”lu
*N

m
e

r-d
e

@
r-r-

m
m

e
.r.rm

r-*O
.

N
0

-9
*m

m
*d

9
w

m
e

.
.

.
.

.
.

.
.

.
.

.
0

d
m

lu
d

d
!-4

H
lrl

t-N
.0

W
*

0
+Iu

l
ImI

O
m

.a
o

d
?n

o
o

d
d

0
0

0
0

0
0

0
0

0
0

+
1

1
+

1
1

+
+
1

+
W

W
U

J
IU

IIJ
U

J
U

,
U

J
U

IU
I

U
lo

U
-.e

*
U

-m
o

*e
w

I-*m
-.0

0
l-*ru

d
e

m
-lffffm

+
d

N
.

.
.

.
.

.
.

.
.

.
m

m
ffd

m
l+

.
e

r-d

la1<lb1
0

1
+

IItII
-s-1i
i
!

.
.

.
.

.
.

..
.

.
.

..
.

.
.

.
..

.—
.:-.

Or-lua
A

.-
Q

6
J

m
3

d
.n

l*l?lw
OITlmd

.
.

.
.

.
.

O
.-r.

!.r
m

-m
iI

M
.

N.N8-

6
6



4

a
E
-

6
7


