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ABSTRACT

The Nuclear RegulatoryCommissionrequires utilitiesto determinethe

responseof a pressurizedwater reactorto a steam generatortube rupture

(SGTR) as paL'tof the safety analysisfor the plant. The SGTR analysis

includesassumptionsregardingthe iodineconcentrationin the reactorcoolant
w

system (RCS)due to iodine spikes,primary flashing and bypass fractions,and

iodine partitioningin the secondarycoolant system (SCS). Experimentaland

" analyticalinvestigationshave recentlybeen completedwherein these

assumptionswere tested to determinewhether and to what degree they were

conservative(that is, whetherthey result in a calculatediodine source

term/dosethat is at least as large or larger than that expectedduring an

actual event). The current study has the objectiveto assess the overall

effectsof the results of these investigationson the calculatediodine dose

to the environmentduring an SGTR. To assist in this study, a computer

program,DOSE, was written. This program uses a simple,non-mechanisticmodel

to calculatethe iodine sourceterm to the environmentduring an SGTR as a

functionof water mass inventoriesand flow rates and iodine concentrationsin

the RCS and SCS. The principalconclusionof this study is that the iodine

concentrationin the RCS is the dominantparameter,due to the dominance of

primary flashingon the iodine source term.
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EXECUTIVESUMMARY

The steam generatortube rupture (SGTR) is one of the accidentscenarios

to be included in the Final Safety Analysis Report (FSAR)of every pressurized

water reactor (PWR). The principalconcernduring an SGTR is the potential

release of radioactiveiodine from the reactorcoolant system (RCS) directly w

to the environment,bypassingthe containment. Severalexperimentaland

analytical investigationshave been completedrecentlywherein variousSGTR

parameterswere studiedin an attemptto determinewhether and to what extent

the assumptionsu;ed in FSAR analysesof SGTR events are conservative. These

parameters includeRCS iodineconcentrationdue to an iodine spike, primary

bypass, secondarycoolant system (SCS) chemistry,and iodine speciationin the

SCS. The current study has the objectiveto assess how the resultsof these

investigationsaffect the iodine dose to the environment.

A number of simplifyingassumptionswere made in order that several PWR

designs could be included in the study. These assumptionsinclude:complete

and instantaneousmixing in the RCS and SCS; steady state water mass flows

(both break flow and steam flow) and SCS pH; constant RCS water mass

inventory; and a simplemodel for calculatingthe dose from the source term.

These assumptionswere developedinto an iodinemass transfermodel, forming

the basis for a PC-basedcomputercode, DOSE, used in the analysis.

Seven PWR designswere used in this study, Surry I and 2, Catawba ] and

2, Arkansas NuclearOne-Unit 2, D.C. Cook I and 2, Palisades,Combustion

EngineeringCESSAR,and WestinghouseRESAR. Existingthermal and hydraulic

data were used to calculatethe iodine releaseto the environment(source

term). The source term was then used to calculatethe dose to the

environment. A series of eight calculationswas conductedfor each PWR
t

design, correspondingto current StandardReview Plan (SRP) guidelinesand

varying each parameterin turn and in concertto assess the impactof each on

the dose. The dose from each of these calculationswas then comparedto that

correspondingto the base calculation(with SRP guidelineson all parameters).
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In all cases, the principalparameter,in terms of the effect on the

dose to the envi_qnment,was the RCS iodine concentration(i.e. iodine spike).

The reason for this preeminenceis that the total iodine release was dominated

by primary flashing° The effects of changes in the other parameterswere

negligibleby comparison.
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ASSESSMENTOF DOSE DURING AN SGTR

INTRODUCTION

In pressurizedwater reactors, (PWRs),water in the reactor coolant

system (RCS) is pressurizedto prevent it from boiling. This high-pressure

water is circulatedthroughheat exchangertubes in steam generatorswhere

heat is transferredto the lower pressure secondarycoolant system (SCS),

producingsteam that is used to generateelectricalpower. The tubes

representa large fractionof the RCS pressureboundaryand rupture of these

tubes can result in a direct releaseof radioactivityto the environment

(containmentbypass)througheither the atmosphericdump valves or secondary

relief valves. Since this coolanttypicallycontainsradioactivematerials, a

steam generatortube rupture (SGTR) has been designatedas a design basis

accident for PWRs and must be analyzed as part of the plant's Final Safety

Analysis Report (FSAR).

The principalradiologicalconcernduring an SGTR results from the

presenceof radioactiveiodine in the RCS coolant. The iodine,a fission

productthat is present in irradiatedfuel, is found in the RCS coolanteither

as a productof the fissioningof tramp uraniumon the fuel element surfaceor

from the fuel itself,being releasedthrough tiny holes in the claddingof

otherwiseundamagedfuel rods. Recent studieshave been conductedto

determinethe amount of radioactiveiodinewhich is expectedto be present in

the RCS coolantduring an SGTRI'2. The resultsfrom Reference2 were

subsequentlymodified to accountfor iodine speciation.3 The resultsof

these studies indicatethat the RCS coolant iodine concentrationduring an

SGTR with preexistingiodine spike is approximatelyII _Ci/g (contrastedwith

a value of 60 pCi/g as specifiedby the StandardReview Plan4 (SRP) for FSAR

analyses). The iodine releaserate during an SGTR with coincident iodine

spike was calculated in Reference3 to be 1.33 Ci/h.MWe,which for a lO00 M_e

plant is 1330 Ci/h. The SRP specifiesthe release rate to be 500 times the

steady-staterelease rate, which results in a transientrate typicallyof the
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order of 25,000 - 40,000 Ci/h, depending on the plant. Thus, the RCS iodine

inventory for either type of SGTRwas shown to be much less than that assumed

in most FSARanalyses.

During an SGTR, radioactiveiodine in the RCS coolant is transportedby

the break flow from the RCS into the SCS where lt is mixed with the other

chemicalsin the steam generator. If the steam generatorsecondaryis

completelyfilledwith water, as a result of the break flow, the iodinemay be

transported,again with water, and releasedto the environment. However, in

the majority of SGTR transients (both postulatedand actual),the steam

generator is not completelyfilled and only steam is releasedto the

environment. Therefore,the iodineconcentrationin the steam must be

determinedin order to estimatethe environmentalconsequences(i.e. iodine

source term to the environment)due to an SGTR.

To addressthis question (iodineconcentrationin the steam),two

studieswere conducted. The first was an experimentalstudy of iodine

partitioningbetween liquid and steam in a closed system under typical

operatingsteam generatorthermal/hydraulicconditions.5 The sensitivityof

iodinepartitioningto severalparameterswas reportedfor a wide varietyof

conditions. One of the most importantparameterswas determinedto be the pH

of the coolant. Acidic conditionsfavor the formationof volatile iodine

speciesand alkalineconditionsfavor the formationof non-volatileiodine

species. Thus, an estimate of the coolantpH during an SGTR is required for

the determinationof the iodinepartitioncoefficientand, ultimately,the

environmentalrelease of radioactiveiodine.

The secondwas an analyticalstudy wherein the SCS coolant pH during an

SGTR was investigated.6 The pH was calculatedfor 10 genericPWR designs,

representativeof approximately80% of the currentlyoperatingPWRs in the

United States. Due to the wide range of possiblechemical concentrationsin

both the RCS and SCS prior to SGTR initiation,the study was designed to

providea lower bound on the expectedpH, resulting in an upper bound on the

steam iodineconcentration(and, therefore,an upper bound on the iodine

source term to the environment). The results of this study indicate that the
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SCS coolant pH decreasesto a value of approximately6.5 within the first

600 s of the transientand remainsat this value throughoutthe rest of the

transient. This result is independentof reactordesign.

The RCS coolant enteringthe steam generator secondaryvolume may not

completelymix with the SCS coolant. A fractionof the break flow liquid may

• be carried by the flashingRCS coolantand pass, unmixed,out the steam

generator. This is called primarybypass. Westinghouseconductedan

" experimentalinvestigationto measureprimary bypass under severalSGTR

conditions.7 The resultsof this investigationindicatethat primarybypass

is negligiblysmall.

Additionally,part of the RCS break flow which flashesto steam in the

secondary(due to the RCS/SCSenthalpydifference)may also pass, unmixed,out

of the steam generator. This is called the primary flashing fraction. In

many FSAR analyses,it is assumedthat all of the break flow which flashes to

steam passes,unmixed, out the steam generator. To date, no comprehensive

experimentalstudy (similarto that documentedin Reference7 for primary

bypass)has been conductedto measurethe primary flashing fraction.

Thus, severalanalyticaland experimentalstudieshave been conducted

into variousaspectsof iodinebehaviorduring an SGTR. The purpose of the

current study is to assess the overalleffectsof the resultsof the earlier

analyticaland experimentalinvestigationson the calculated iodinedose to

the environmentduring an SGTR. The expectedend result is a determinationof

the relative influenceof each parameter(i.e. iodine spike magnitude,

partitioncoefficient,primary flashingfraction,etc.) on the dose to the

environment. This report is organizedinto five parts: to avoid

misunderstandings,the principalterms are defined; the analysismethodology

is presented,includingthe assumptionsused in the analysis;the analytical

tool, a computerprogram named DOSE, is then described; the specific analyses

" for severalPWRs are then presented,followedby the conclusionsof the study.



DEFINITIONS

Some confusionmay exist regardingthe variousmechanismsthat affect

the iodinedose to the environmentand that are part of this study. For this

reason and at the risk of being redundant,it was decided to reiteratethe

definitionsof these mechanismsas a separatesection.

Primarybypass is defined as that fractionof the RCS break flow which

remains as a liquid but does not mix with the SCS coolant. Mechanistically,a

small fractionof the RCS break flow is entrainedwith the steam from the

flashing RCS coolantand exits the steam generatorwith the steam. The mass-

based iodine co,,centrationin this bypass flow is equal to that of the bulk

RCS coolant. Since the primary bypass does not mix with the SCS coolant, its

iodineconcentrationis much higher than that of the steam and a small mass

flow results in a disproportionatelyhigher iodinerelease.

Primaryflashing is a thermal/hydraulicphenomenawherein part of the

RCS break flow liquid is immediatelychangedto steam due to the enthalpy

differencebetweenRCS and SCS. This occurs at the break locationand is a

function of the pressureand temperaturedifferencesof the RCS and SCS, both

of which are functionsof time. Mechanistically,as the steam bubbles rise in

the SCS coolant, some condensationand/ormixing of the flashedRCS steam

could occur. However,the mechanistictreatmentof this phenomenais beyond

the scope of this study. Therefore, in this study, it was assumedthat the

mixing and condensationwere negligible. Further, it was assumedthat the

iodineconcentration(_Ci/g)in the flashedRCS steam was equal to that of the

bulk RCS fluid. As a result, the primarybypass and primary flashing

fractionsboth have the same effect in the DOSE model - namely,carryoverof

RCS fluid (liquidor steam)mass with a mass-based iodine concentrationequal

to that of the bulk RCS liquid.

An iodine spike, or transientRCS iodine concentrationincrease,often

occurs due to a power or pressure transientin the primary system. The

mechanismwhereby this occurs is not preciselyunderstoodbut is believed to
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be RCS coolant breaching the fuel rod (via pin holes in the otherwise intact

cladding) and flushing out a portion of the iodine which is in the cladding-

fuel pellet gap. If the RCSpower/pressure transient occurs prior to

initiation of the SGTR, lt is called a preexisting iodine spike. If the SGTR

itself is the cause of the power/pressure transient, lt is called a coincident

iodine spike.

The iodinepartitioncoefficient,PCI, is defined as the ratio of

concentrationsof iodine in the liquid and gas phases. Iodinepartitions

between the steam and liquid phases of a closed aquecus system due to chemical

speciation in the liquid. If the chemical thermodynamicconditions favor

formationof volatile iodine species (e.g. Iz),more of the iodine partitions

into the vapor phase. Conversely,if the thermodynamicconditions favor

formationof soluble iodine species (e.g. I"or I03"), less of the iodine

partitionsinto the vapor phase. Because the concentrationof iodine in the

steam phase appears in the denominatorof the ratio, low iodine volatility

correspondsto large values for PCx and high iodine volatility,to small

values for PCI. Iodineconcentrationcan be based on the specificwater

volume (volume-based[Ci/m3])or mass (mass-based[Ci/kg]). To avoid

confusionwith these definitions,except where specificallyotherwisenoted

iodine concentrationswill be defined as iodine activity (Ci) per unit

mass (kg) and the resultingPCI will be mass-based. This avoids the potential

problemof having to accountfor changes in the SCS steam density (due to SCS

pressurechanges)with time during the transient.

The purposeof this study was to assess the effectsof these parameters

on the dose to the environment,not to mechanisticallyevaluate the parameters

themselves. Therefore, all of these phenomenawere treated in a non-

mechanisticmanner and existingvalues for the individualparameters (iodine
w

spike magnitude, iodinepartitioncoefficient,primarybypass fraction,and

primaryflashing fraction)were used as input into the DOSE computer program.
o



METHODOLOGY

At the onset of the investigation,it was decidedto keep the

metllodologyas simple as possibleso that severalPWR designscould be

included. To do this, simplifyingassumptionswere made concerningthe

thermaland hydraulicboundaryconditionsduring an SGTR:

I. lt is assumedthat there is completeand instantaneousmixing in

the RCS. This has the effect of maintaininga uniformRCS iodine

concentration([I]Rcs) throughoutthe transient. There will,

obviously,be some degree of incompletemixing in the RCS during

the transient. In the case of an SGTR with preexistingiodine

spike, the mixing would have taken place prior to the rupture

initiationand would be close to completedue to the effects of

pump operation. In the case of an SGTR with coincident iodine

spike, the mixing will probably not be complete. However, the

iodine concentrationwill be increasing,due to the continued

iodinerelease from the fuel into the RCS coolant. Since the

steam generatorsare relativelyfar removedfrom the core, it is

expected that the actual iodine concentrationin the break flow

will be less than if mixing were instantaneousand complete.

Therefore,this assumption (of completeand instantaneousmixing)

will result in an upper bound on the mass of iodinetransferred

into the SCS.

2. With the exceptionof the break flow which passes, unmixed,out of

the steam generator (PrimaryBypass and FlashingFractions),the

RCS flow is assumedto mix completelyand instantaneouslywith the

SCS coolant. This resultes in _ uniformSCS iodine concentration

([I]scs)throughoutthe transient. Again, this assumption is not

exactly representativeof the conditionswithin the steam

generator. Incompletemixing in the SCS could result in localized

regions of high iodineconcentration(for examplenear the tube
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rupture site) which would result in higher iodine concentrations

in the vapor. However, there would be other localized regions

with smaller than average iodine concentrations which would tend

to counteract the higher concentrations resulting in an average

vapor concentration near that calculated using this assumption.

,'

3. The SCScoolant pH is assumedto be constant at a value of 6.5

throughout the transient. This meansthat the iodine partition
" coefficientis a constant. This is based on the results

documentedin Reference6 wherein it is stated that "...theSCS pH

quickly (within600 s of transientinitiation)decreasesfrom the

pre-SGTRvalue to a value close to that of the RCS (6.5) and then

remainsnearly constantuntil transienttermination." Prior to

the establishmentof steady-stateconditions,the pH is higher,

which results in a smallervapor iodineconcentration. Thus, this

assumptionresults in an upper bound on the iodinerelease,

relativeto the actual expectedtransient.

4. RCS inventoryis constant. In the majority of historicalsteam

generatortube leaks and ruptures,the makeup system was adequate

to maintain RCS mass inventory. Additionally,for those few cases

where the makeup system may not be capable of maintainingRCS

inventory(that is, where the break flow rate exceedsthe makeup

flow rate), the pressurizerwill provide an additionalsource of

water to the RCS and this, for most cases, is sufficientto

maintain RCS invsntory.

5. All flows (RCS break flow and SCS steam rate) are assumedto be

constant. The values used in the analysiswere the averagevalues
w

over the transienttime of 30 min. This assumptionmay cause some

deviationfrom the expectedresults (i.e. if the period of maximum

" break flow does not correspondto the period of maximum [I]Rcsor

if the period of maximum steam mass flow does not correspondto

the period of maximum [I]scs). However, this is judged to be of

secondorder and should not affectthe overallconclusionsof the
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study. For example, the period of maximumRCSbreak flow wtll be

early in the transient. For the case of an SGTRwith preexisting

iodine spike, where [I]Rc s is constant, this will make no

difference to the iodine transport to the SCS. For the case of an

SGTRwith coincident iodine spike, the period of maximumbreak

flow occurs when [][],cs is a minimum and the assumption results in
an upper boundon the iodine transported to the SCS. The

situation on the secondary side is similar. The steam flow is

caused by the steam bubble being "squeezed" by the inflow of RCS

coolant, which should be maximized early in the transient since

that is the period of maximumRCSbreak flow. Somedelays will,

of course, occur since the steam pressure must build up to the

relief valve setting, but generally the maximumsteam flow will

occur prior to maximum[I]sc s. Therefore, this analysts should
result in an upper bound on iodine release to the environment.

6. Ultimately,the result of this study is an assessmentof the

effectsof the variousstudies on the calculated iodine dose to

the environment. However, the dose to the environmentis

calculatedusing the followingequation:

Dose = (B.R.) • (L.F.) • (X/Q) • (D.C.F.)

where:

B.R. = breathing rate = constant
L.F. = leakage factor = iodine release
X/Q = dispersion factor = constant

D.C.F. = dose conversion factor = constant

Q

Since, in effect,the dose to the environmentis a constant

(D.C.r.. "X/(2"B.R.) times the iodine source term, the relative

effectsof the variousstudies (i.e. iodine spikingmagnitude,



partitioncoefficient,primary bypass,etc.) on the dose is

identicalto the relativeeffects on the iodine source term.

A simple iodine and water mass balancemodel was developedand used as

the basis for a PC-based computercode, DOSE, described in the next section.

A seriesof SGTR calculationswas performedfor seven PWR designs usingo

thermal and hydraulicinformationfrom individualFSARs as well as other

sources. The results from these calculationswere comparedto determine the

relativedifferencesbetweeniodine source terms (environmentaldoses) for

base case calculations(usingFSAR assumptionsfor SGTRs with preexistingand

coincidentiodine spikes) and those made using the results from recent SGTR

studies.



DOSE

This is a summaryof the DOSE computerprogram, used to calculatethe

effects of variousparameterson the iodinedose during an SGTR. DOSE is a

PC-basedcomputercode, written in FORTRANand compiled by the Lahey FORTRAN

compiler F77L, ver. 5.01. All calculationswere performedon an IBM PS/2

Model 70/386 personal computer. Each calculationrequired less than I min of
i

computer time to perform.

DOSE calculatesthe integratediodine releaseto the environmentduring

an SGTR. The basis for the code is a mass balanceon the iodine as it is

released from the fuel to the RCS, is transportedfrom the RCS to the $CS with

the break flow, is partitionedto the steam in the SCS, and is transportedout

of the steam generatorwith the steam. The assumptionsused in the code are

discussed in a previous section. Existingthermaland hydraulicinformation

was used, includingwater mass flow rates and inventories.

The RCS iodine inventoryis calculatedfor a coincidentiodine spike

using the inventoryfrom the previoustime step, modified by the iodine spike

release rate (source)and iodine transportedto the SCS with the break flow

(sink). The RCS iodineconcentrationis then calculatedby dividingthe

inventoryby the (constant)water mass. For the case of a preexistingiodine

spike, the RCS iodine concentrationis assumedconstant at the input value.

The break flow is assumedto have the same radioactiveiodineconcentrationas

the bulk RCS fluid.

The SCS iodine inventoryis calculatedusing the previoustime step SCS

iodine inventory,iodine releaserate (with the steam) as the sink and break

flow-carriediodine as the source (both sink and source are correctedfor

bypass and/or flashingfractions). The SCS water mass inventoryis calculated

using the initialinventory,steam mass flow rate as the sink and break flow

as the source (both source and sink are correctedfor the effectsof bypass

and flashing). Then, the SCS concentrationis calculatedand used, in

conjunctionwith the steam mass flow rate and the primary bypass and flashing
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fractions,to calculatethe iodine releaserate. The iodine release rate, in

turn, is'integratedto calculatethe total iodinerelease, as a functionof

time.

The input for the calculationsis in NAMELIST format. Examplesof input

and output decks are shown in Appendix A. The interpretationof the input

parametersis"

" ATITLE = a descriptionof the specificcalculation (up to 80

alphanumericcharacters)

FLOW = the RCS to SCS break flow (kg/s)

XMRCS = the RCS mass inventory(kg)

XMSESO = the initialSCS mass inventory(kg)

TDEL = the time incrementto be used in the calculation(s)

TIME = the time duration for the transient(s)

ISPFLAG= a flag to specifywhich type of iodine spike is used in the

calculation(I = preexistingiodine spike; 2 = coincident

iodine spike)

XI = the iodine spike magnitude (RCS iodineconcentration[_Ci/g]

for preexistingiodine spike or RCS iodine releaserate

[Ci/h] for coincident iodinespike)

PBFRAC = the primarybypass fraction (fractionof break flow)

PFFRAC = the primary flashingfraction (fractionof break flow)

PCI = the SCS iodine partitioncoefficient- mass based

XMST = the averageSCS steam flow rate (kg/s)

The input is printed as the first part of the output so that the user

can verify the calculation. The rest of the output is in tabular formatwith

the followingcolumns" transienttime (s); [I]Rcs(Ci/kg); [I]scs (Ci/kg);

iodine releaserate (Ci/s);integratediodinerelease (iodinesource

term) (Ci); SCS iodinemass inventory(Ci); integrBtedprimary bypass iodine

release (Ci); and integratedprimary flashingiodinerelease (Ci).
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IODINE SOURCETERM CALCULATIONS
J

The DOSE computer program,describedabove and in AppendixA, was used

to calculatethe iodine source term to the environmentduring an SGTR for

seven PWRs. In each case, eight calculationswere performed,four for an SGTR

with preexistingiodine spike and four for an SGTR with coincident iodine

spike.

For the case of an SGTRwith preexisting iodine spike, the four

calculations used the following assumptions: Calculation 1: both II]Rc s and PCx

based on SRP values ([I]RCs = 0.060 Ci/kg and PCi = 100); Calculation 2: [I]Rc s

equal to 0.011 Ci/kg (based on Reference 1) and PC=based on the SRP;

Calculation 3: [I]Rc s based on the SRPand PCI = 272 (based on References 5 and

6); and Calculation 4- [I]Rcs = 0.011 Ci/kg and PCx = 272.

For the case of an SGTR with coincidentiodine spike, the bases for the

four calculationsare similar:Calculation1: both RRx and PC, based on the

SRP (RR,= 500 times the standardizedsteady-statevalue); Calculation2: RRx

= 1.33 Ci/s.MWe (basedon the resultsfrom References2 and 3) and PC, based

on the SRP; Calculation3: RR, based on the SRP and PC, = 272; and Calculation

4: RR, - 1.33 Ci/soMWe and PC, = 272.

The values of 0.060 Ci/kg for [l],cs, I00 for PCx, and 500 times the

standardizedsteady-statevalue for RR, are based on the SRP. The value of

0.011 Ci/kg for [I],cs is based on ReferenceI. The value of 1.33 Ci/s.MWe

for RR, is based on References2 and 3. Both of these values for the iodine

spikingmagnitude are equal to or greaterthan the 95% confidence-90%

probabilityvalues.

The experimentsreportedby Reference5 includedtwo separateconditions

- with and without air (the conditionsof no air was accomplishedby using an

argon overpressure)in the simulatedsteam generator. The value of 272 for

PC, is based on the expected pH of 6.5, coupledwith the results from

Reference5 for an experimentwhich excludedair from the simulatedsteam
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generator. This value was chosen (instead of the value of 37, which is the

value reported in the reference for the experiments madeusing air) since the

presence of oxygen is specifically excluded from operating steam generators by

the injection of hydrazene with the secondary feedwater. Thus, it is judged

that the PC_experiments conducted without air in the simulated steam

generator more closely match conditions expected to be present in a steam

generator during an SGTR. One set of analyses was conducted, however, with

the lower value of 37 for PC=, corresponding to the experiments conducted with

" air, for information. The analysis was made using Surry as the reference

plant.

In all calculations,exceptwhere specificallyotherwisenoted, primary

bypass was set equal to 0.0, based on the WestinghouseMB-2 experiments. In

all calculations,the primaryflashingfractionwas set equal to 6.5%, based

on representativeFSAR calculationsfrom three plants,a

The seven plant designs used for this assessmentwere: Surry I and 2,

Catawba I and 2, Arkansas NuclearOne Unit 2, D. C. Cook I and 2, Palisades,

CombustionEngineeringCESSAR, and WestinghouseRESAR. In all cases except

for Surry I and 2, the applicablethermaland hydraulicdata were extracted

from existing FSARs. The informationin the Surry FSAR was insufficientfor

this purposeand so thermal and hydraulicdata from an SGTR analysis performed

at the INELwere used for this plant.9 The specificdata required for the

analysiswere: initialRCS water mass inventory,initialSCS water mass

inventory,average break mass flow rate, averagesteaming rate in the affected

steam generator,net MWe for the plant, and purificationsystem flow rate.

Tables I - 7 containthe resultsfrom these calculations. The dominant

parameter,based on these calculations,is the RCS iodineconcentration- i.e.

" iodinespike magnitude. The reductionin iodine spike magnituderesulted in a

80% reductionin the dose to the environmentfor the case of a preexisting

" iodine spike. The reductionranged between70 and 95% for the case of a

coincidentiodine spike. The effect of an increasedpartitioncoefficient

(reducediodinevolatility in the SCS coolant)was much smallerand, in many

cases, was masked by the effect of the iodine spike.
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Table I: DOSE Analysis Results for the Surry ] and 2 PWRs

i i i li.wi i i r i _ i.. ." ....... _..... i i,, l i ii ,,i

Calculation Relative Remarks
Release

I 1.0 [I]°_ and PC, - ...SRP

2 1.0 RRRr.._ and PCw - S.RP "

3 .18 [I],_ = BE, PC,- SRP i

4 .32 .... RR,_ = BE, PCl = SRP

5 1.0 [I],r._= SRP,.PC, - BE
,

6 1.0 [I]Dr..q= SRP, PCl = 37

7 1.0 RRp,,- SRP, PCI " BE

8 1.0 RRsr.s- SRP, PCl - 37

9 .18 [I]Rr..q and PC, - BE .

10 .18 [I]°_,= BE, PC,.-37....

11 .32 RR._ and PCI - BE .

12 .32 RR,_ = BE and PC, = 37,,, . ,,,, J ,!

Table 2" DOSE AnalysisResults for the PalisadesPWR

, , u,,,,i iiii i i'

Calculation Relative Remarks
Release ,,,

1 1.0 [ I ],,._ and PC, "...SRP

2 1.0 . RR,r.._and PC, = SRP ..

3 .18 [I]ir.._= BE, PCl - SRP

4 .... .03 RR,r..¢= BE, .PC1= SRP

5.. .98 [I],_ = SRP, PC, - BE

6 .98 RR°,._= SRP, PCI " BE

7 .18 [I]Rr.._ and PC! - BE.

8 .03 RRo,,_and PCl = BE
• , , i i, i , , - i .....
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Table 3: DOSE Analysis Results for the Catawba I and 2 PWRs

,, iiiIii llll. i i, n| mi i

Calculation Relative Remarks
Release

I 1.0 [I],'`__and PCr " SRP

. 2 1.0 RRo,.,_and PC=- SRP . . .

3 .18 [I]p'`_ = BE, PC! = SRP

• 4 .04 RR°r.s = BE, PC! = SRP .

5. . .98 [I]°'`_ = SRP, PC== BE

6 .98 RR°_.._= SRP.,PC= = BE

7 .18 [I]°r_R and PCw = BE

8 . .04 RR°_._and PCl - BE .... I

Table 4: DOSE Analysis Resultsfor the Arkansas NuclearOne Unit 2 PWR

" i F- ii ii ii i ii i i

Calculation Relative Remarks
Release

I 1.0 [I],'`¢and PC= = SRP

2. .... 1.0 RR=r._and PCw = SRP

3 .18 [I],,,, = BE, PC== SRP .

4 .04 RR°,.,== BE, PCI = SRP

5 .98 [II,'`,= = SRP, PC== BE

6 . .98 RRar.._ = SRP, PCI = BE

7 .18 [I]Rr.s and PC== BE .

8 . .04 RR,'`_and PC= - BE
, .,,:, ,,, , i Hl I
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Table 5: DOSEAnalysis Results for the D. C. Cook] and 2 PgRs
i i lr i,,i., iii ul| 'l i .i i i i mm .iii ,, ......-

Calculation Relattve Remarks
Release

,, , . .., i, ,

1 1.0 ..... [I],_ and pCt - SRe ....

2 ....... 1.0 RR,_,and PCl - SRP

3 .18 ........ [I],_ = BE.,PCI - SRP

4 .03 RP_ = BE, PCx - SRP ......

S .99 [[],_ - SRP_pc, - BE

6 .99 RR°_ = $RP_PCw - BE ...........

7 .18 ..... [I],_ and_PC,"BE

8 .04 RR,r_ and PCI - BE

Table 6" DOSEAna]ysis Results for the CombustionEngineering CESSARPWR

'' '" ' i "' ii ,,,,,, ,,iu1 i in i

Calculation Relative Remarks
Release

,,, i , ill ,,

1 1.0 [I]°_._ and PC! - SRP

2 1.0 RR,r_and PCI = SRP .....

3 .18 [I]°_ = BE, PC! - SRP ......

4 .05 . RR°_- BE, PC,- SRP..

5 .99 [!]o_ = SRe, PC, - BE

6 .99 .... RR°._- SRP, PC1- BE.....

.7 .18 [I]°_ and PCI - BE .....

8 .05 RR,_ and PC_- BE,,,, i
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Table 7: DOSEAnalysis Results for the WestinghouseRESARPWR

, ,, , ,, r,, ',,,I - I'"" ,, IIIrl|l ,,, ,,,

Calculation Relative Remarks
Release

,,,,, ,,,,, i , i , , i i i,,,i

...1 ...... 1.0 [ ! ]._ and PC=...= SRP . ..

• 2 1.0 .RRp_and .PCi , S.RP .

3 .18 .[]]._ " B.E,PC, - SRP

. 4 ... .04 RR,___- BE.,PCl - SRP

5 ........99 [I]°_= SRP,PC_- BE .

..6 .99 . RRRr.._ = SRP,PCl ,,BE

7 .18 . [I]°,,__ and PC._= BE .

.8 .... .04 .. RRp,,_and .PCr - BE .......
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The reason that the RCS iodineconcentrationwas the dominant parameter

is due to the influenceof the primaryflashingfactor,which in all

calculationswas set equal to 6.5% of RCS break mass flow. Nearly all of the

activity that was calculatedto be releasedto the environmentwas due to this

factor. This is independentof which PWR design was used in the calculation.

This factor is also the one parameterthat has not been experimentally

studied. Therefore,there is no basis for assumingwhat degree of mixing or

condensationwould occur, which could mitigate the effect.

The other parameterof interest in this investigationwas the primary

bypass fraction. As discussedin the introduction,Westinghouse

experimentallyinvestigatedprimarybypass and concludedthat it was

negligible. Consequently,current FSAR analysesof the SGTR transientassume

zero for this term.TM For completeness,a series of 16 calculationswas

performedto assess the effects of potentialprimarybypass on the iodine

source term. These calculationswere made using the WestinghouseRESAR as the

PWR design. There were a set of eight calculationsfor each type of SGTR

(wlth preexistingand with coincidentiodine spikes)which followed the same

general format as those discussed in the previous paragraphwith and without

primary bypass. An arbitraryvalue of 15% was used for this parameter.

Table 8 presentsthe resultsof this analysis. The conclusionsof this

analysisare very similarto that of the other analyses - namely, the biggest

effect on the dose to the environmentwas caused by changes in the RCS iodine

concentration,due to the dominant effect of the combined primary bypass and

primary flashing fractions. Since these two parametersare treated similarly

in DOSE, this is not surprising. The differencebetween the calculationwith

and without 15% primary bypass is generallythat the dose to the environment

was reducedby approximately2/3 for the case without bypass. This

correspondsclosely to the fractionof total unmixedRCS coolant (bypass- 15%

and flashing= 6.5%) representedby the primarybypass.

The calculationsmade using PCx - 37 (see Table 1) indicatethat the

change in the dose to the environmentis negligible,as was the case with the

PCZ - 272.
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Table8: DOSEAnalysisResultsfor PrimaryBypass

........... i i i ii i i milli i i lllli I W I

Calculation Relative Remarks
Release

1 1 .0 I[l)_. and PCl = SRP,PrimaryBypassFraction
i ,i i i , ,.,

. 2 1.0 =RR_%and.PC,- SRP,PrimaryBypassFraction
,ml,i , , H

3 .17 [I]Rcs I BE, PC, = SRP,PrimaryBypass
• Fra¢'61on= 15%.

m i

4 .04 RRRcs mm BE, PC = SRP PrimaryBypass
Fraction= 15_.

, , i,,, i i, ii ii

5 .95 El]Rcs = SRP,PC, I BE, PrimaryBypassFraction 15%.

6 1.00 RP_c s I SRP, PC,- BE, PrimaryBypass
Fraction- 15%.

7 .17 =[I]_. and PC, I BE, PrimaryBypassFraction
.,,,, ., ,, ,,., i...... m ,i ii

8 .04 RR.s and PC = BE PrimaryBypassFraction-
15_ ' '

, ,, , ii

9 0.29 .[I_R._and PC,I SRP,PrimaryBypassFraction
. i i ,mini

I0 0.31 RR_)c.soandPC,- SRP,PrimaryBypassFraction
, , ,, ,, i . i ml

II 0.05 Fraction[I]ecs=BE,o_oC'= SRP, PrimaryBypass
,,, , i

12 0.01 FractionRRRcs= BE,=PC._I SRP,PrimaryBypass
, i.,., ,, ii

13 0.29 Fraction[l]Rcs - SR_.PC,- BE, PrimaryBypass

14 0.30 RRRCSFraction= SRP'o_C'== BE, PrimaryBypass
i ,, ..Jl

" 15 0.05 [I_R.C_and PC,- BE, PrimaryBypassFractlon
i _ ___j

. 16 0.01 RR.csand PC_- BE, PrimaryBypassFraction-
0._
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CONCLUSIONS

The effects of primarybypass, iodine spiking,and iedine partition

coefficienton the dose to the environmentduring an SGTR were assessed.

• DOSE, a simple,nonmechanisticcomputer code, was developedfor this

assessment. Values for the parametersexamined in this study were based on

research reporteduver the past 6 years. The most dominantparameter in this

study was clearly the iodine spikingmagnitude. Use of recent iodine spiking

analyses resulted in a reductionof the iodine dose to the environmentof

between80% and 95%. The reason for this dominance is the assumptionof a

co,_stantprimary flashingfractionof 6.5%, which results in 6.5% of the RCS

break flow exiting the steam generatorwithout mixingwith the coolant. The

effect due to the iodine partitioncoefficientwas much less, though in the

same direction- that is, to reduce the iodine dose to the environment. Since

primary bypass is currentlynot modeled in SGTR analyses (whichis consistent

with experimentaldat_ on bypass),the analyses in this study do not differ

from current FSAR analyses,in this regard. The effectsof primary bypass, if

it were modeled,would be identicalto that of primaryflashing since both are

treated similarlyin DOSE. One additionalanalysisused a different,lower,

value for the partitioncoefficient. In this case, the effect on dose was

negligible,also due to maskingby the effectsof iodinespikingmagnitude.
3

.
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APPENDIXA

DOSE COMPUTER PROGRAM

DOSE is a PC-basedcomputercode, written in FORTRANand compiled by the

Lahey FORTRANcompiler F77L, ver. 5.01. All calculationswere performedon an

IBM PS/2 Model 70/386. Calculationtimes were very short, typicallyless than

one minute per calculation.

DOSE calculatesthe integratediodine releaseto the environmentduring

an SGTR. The assumptionsused in the code include: complete and

instantaneousmixing in both the RCS and SCS; constant (average)break and

steam mass flow rates; constantpartitioncoefficient;either preexistingor

coincidentiodine spike in the RCS; constant RCS mass inventory;and, all

primarybypass and flashingfractionsflow, unmixedin the SCS, out as part of

the steam mass flow. Existingthermaland hydraulicinformationis used,

includingwater mass flow rates and inventories. DOSE is a non-mechanistic

code which relies on correlationsfor the various input variables.

The RCS iodine inventoryis calculatedfor a coincidentiodine spike

using the inventoryfrom the previoustime step, iodine spike magnitude for

releaserate, and break flow. The iodine source,for the mass balance, is the

iodine releaserate, multipliedby the length of the time step. The iodine

sink is the break flow mass rate, multipliedby the RCS iodine concentration

and the time step. The source and sink are combinedwith the RCS iodine

inventoryfrom the previous time step, which then becomes the value for the

current time step. The RCS iodine concentrationis then calculatedby

dividing the inventoryby the (constant)water mass. This concentrationis

used to calculatethe iodine source for the SCS and the RCS iodine inventory

• for the next time step. For the case of a preexistingiodine spike, the RCS

iodineconcentrationis assumedconstant at the input value. The break flow

is assumedto have the same concentrationas the bulk RCS.

The SCS iodine inventoryis calculatedusing the previous time step SCS

iodine inventory,iodinerelease rate (with the steam)as the sink and break

flow-carriediodine (less that associatedwith bypass or flashingfractions)
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as the source. The sink is the steam mass flow rate times the time step times

the vapor iodine concentration. The source is the break flow times the RCS

iodineconcentrationtimes the fractionwhich mixes in the SCS (I minus the

combined primarybypass and flashingfractions).

The SCS mass inventoryis calculatedusing the initial inventory,steam

mass flow rate as the sink and break flow as the source (both source and sink

are correctedfor bypass and flashing). Then, the SCS concentrationis

calculatedby dividingthe SCS iodineconcentrationby the water mass, and

used, in conjunctionwith the steam mass flow rate and the primarybypass and

flashing fractions,to calculatethe iodinerelease rate. The iodine release

rate, in turn, is integratedto calculatethe total iodine release, as a

functionof time.

The input for the calculationsis in NAMELIST format. The

interpretationof the input parametersis"

ATITLE = a descriptionof the specificcalculation(up to 80

alphanumericcharacters)

FLOW = the RCS to SCS break flow (kg/s)

XMRCS = the RCS mass inventory(kg)

XMSESO = the initialSCS mass inventory(kg)

TDEL = the time incrementto be used in the calculation(s)

TIME = the time duration for the transient (s)

ISPFLAG= a flag to specifywhich type of iodine spike is used in the

calculation(I = preexistingiodine spike; 2 - coincident

iodine spike)

XI = the iodine spike magnitude (RCS iodine concentration[_Ci/g]

for preexistingiodine spike or RCS iodinerelease rate

[Ci/h] for coincidentiodine spike)

PBFRAC = the primary bypass fraction (fractionof break flow)

PFFRAC = the primaryflashingfraction (fractionof break flow)

PCI = the SCS iodine partitionfraction - mass based

XMST = the averageSCS steam flow rate (kg/s)
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The input is printed as the first part of the output so that the user

can verify the calculation. The rest of the output is in tabular format with

the followingcolumns:transienttime (s); [l]Rcs (Ci/kg); [l]scs(Ci/kg);

iodine release rate (Ci/s);integratediodinerelease (iodinesource

term) (Ci); SCS iodinemass inventory(Ci); integratedprimary bypass iodine

release (Ci); and integratedprimaryflashing iodine release (Ci).

Table A-I contains a source listingof the DOSE computer code. After an
lo

input deck has been written, it is copied into a file called "DOSE.INP". The

program is then run by typing "DOSE2",where the "2" representsthe second,or

current versionof the code. The output is named "DOSE.OUT"and can be copied

into any file name chosen by the user. As an efficiencymatter, a batch file

was written to performall calculationsfor a given plant in one batch job.

First all of the input files were writtenand given unique file names. Then,

the batch file copied each of the input files, in turn, into the DOSE.INP file

and ran the program. The output file was then copied into a file with the

same name as the input file but with an "out" extensionand the batch program

continuedwith the next input file. This continueduntil all of the

calculationshad been performed.

Prior to using DOSE to perform the analysisfor this study, seven test

cases were designedto verify the coding. These test cases were"

Test I" Assumed constant [I]_cs- 10 /_Ci/g,break and steamingmass

flows = 100 kg/s, no flashing or bypass,and PC_ = 100. The time

incrementwas set at 10 s. MRcs = I05 kg and Mscs = 104 kg. Three

parameterswere checked: [I]scs.t,[I]scs.v,and iodine release from the

SCS. These values were checked for each of the 6 time steps and are

listed in Table A-2.

Test 2: Similarto Test I except that a constant I releaserate to the

RCS was assumedRRl = ]0 Ci/s. Parameterscheckedwere [I]scs,Ml.scs,

and iodine release. These values were checkedfor four time steps and

are listed in Table A-3.
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Test 3: Similar to Test 1 except that 10% flashing fraction was

assumed. Sameparameters were checked for four time steps and are
listed in Table A-4.

Test 4" Sameas Test 3 except that 10% bypass, instead of 10%flashing,

was assumed. Same parameters were checked. Since bypass and flashing

are treated similarly in DOSE, the results from Test 4 were identical to
those from Test 3 - see Table A-4.

J

Test 5: Sameas Tests 3 and 4 except that 5% flashing and 5% bypass

were modeled. Sameparameters were checked. Again, since bypass and

flashing are treated similarly in DOSEand since the flashing and bypass

add up to a total of 10%of the break flow, the results from Test 5 are
identical to those from Tests 3 and 4.

Test 6: Same as Test I except that the steamingmass flow rate was set

at 50 kg/s, or I/2 that of the break mass flow rate. Only Msc$ was

checked since the other parametershad previouslybeen evaluated. The

SCS mass calculatedfor each of six time steps is listed in Table A-5.

Test 7- Same as Test 6 except that the primarybypass fractionwas set

at 10%. Integratediodine releasefrom the SCS was checked as well as

[I]scs.t, and [I]scs.v. The resultsare shown in Table A-6 for three time

steps.

The input and output listingsfor these test cases are containedin Tables A-7

- A-13.

All of the test cases were run with the same executabledeck. The

resultsfrom the DOSE calculationswere comparedwith hand calculationsfor

severaltimes steps for each test and all checkedout exactly, except for some

roundoff errors.

One additionaltest was conductedto ensure that the time input

z parameterswould not affect the end result. All of the calculationsfor this
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study were performedwith a time step of 10 s and for a transientduration of

1800 s. The durationwas based on typical FSAR calculations. The lO s time

step was chosen as a compromiseto provide adequatedetail for the analysis

without producingmore output than necessary. The 12 calculationsusing Surry

I and 2 as the referenceplant were redonewith a l s time step to investigate

whether and to what extent the time nodalizationwould affect the end results.

The resultsof this time nodalizationare shown in Table A-14. The maximum

differencebetween calculationsmade using lO s and ! s time steps was 3% for

• the iodine release in Calculation8, which correspondsto SRP values for

[I]Rcsand PCx = 37. This is judged to be an adequate level of precisionfor

these calculations.

Thus, it is judged that DOSE has been adequatelyverified and can be

used with confidence,within the limitationsof the model.
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Table A-l: Source listing of the DOSEcomputercode.

PROGRAMDOSE
C THIS IS A BATCHPROGRAMUSEDTOCALCULATEIODINEDOSETOTHEENVIRONMENT
C DURINGA STEAMGENERATORTUBERUPTURE.BOTHCOINCIDENTANDPRE-EXISTING
C IODINESPIKESIN THERCSCANBECALCULATEDANDTHESPLIT OFTHE IODINE
C IN THESCSDUETO BULKSOLUTION,PRIMARYBYPASSANDPRIMARYFLASHING
C AREACCOMMODATED.CONSTANTRCSMASSANDINSTANTANEOUSANDCOMPLETE
C MIXING
C IN BOTHTHE RCS AND SCS ARE ASSUMED. THE PROGRAMWAS WRITTENUSINGA
C STANDARDIBMPC EDITOR(KEDIT)AND COMPILEDUSINGLAHEYFORTRANCOMPILER
C F77LVERSION4.0. USE OF THE EXECUTABLEPROGRAMREQUIRESA MATH
C COPROCESSOR.
C
C PROGRAMMEDBY JAMESP. ADAMSJUNE 18, lgg2
C
C FLOW = LEAKMASS FLOWRATE (kg/s)
C CRCS = RCS CHEMICALCONCENTRATION(ppm)
C CSCS = SCS CHEMICALCONCENTRATION(ppm)
C XMRCS = RCS MASS INVENTORY(ASSUMEDTO BE CONSTANT)(kg)
C XMSCS = SCS MASS INVENTORY(kg)
C XMSCSO = INITIALSCS MASS INVENTORY(kg)
C TDEL = TIME INCREMENT(s)
C TIME = TIMEDURATIONOF TRANSIENT(s)
C ISPFLAG = IODINESPIKEFLAG:I = PRE-EXISTING;2 - COINCIDENT
C Xl = IODINESPIKERATE (EITHER#Ci/gOR Ci/h)
C PBFRAC = FRACTIONOF RCS BREAKFLOWWHICHBYPASSESSCS FLUID
C PFFRAC = FRACTIONOF RCS BREAKFLOWWHICHFLASHESAND BYPASSESSCS
C FLUID
C PCI = PARTITIONCOEFFICIENT- MASS BASED
C XMST = AVERAGESCS STEAMINGRATE (kg/s)
C XIOUT = IODINEMASSRELEASE(Ci)
C VCON = SCS VAPORIODINECONCENTRATION(Ci/kg)
C CSCSM = SCS IODINEMASS (Ci)
C

IMPLICITREAL*8(A - H)
IMPLICITREAL*8(P - Z)
CHARACTER*80ATITLE
OPEN (UNIT=7,FILE='DOSE.INP',STATUS='OLD')
OPEN (UNIT=8,FILE='DOSE.OUT',STATUS='UNKNOWN')
NAMELIST/INPUT/ATITLE,FLOW,XMRCS,XMSCSO,TDEL,TIME,ISPFLAG,XI,
&PBFRAC,PFFRAC,PCI,XMST

C READAND WRITEINPUT
C

READ(7,NML=INPUT)
WRITE(8,NML=INPUT)

C
C WRITEOUTPUTHEADER
C

WRITE(8,1]3)
113 FORMAT(2X,'TIME',6X,'RCS-CONC',3X,'SCS-CONC',5X,'I-RATE',

&4X,'I-OUT',4X,'SCS-IMASS',2X,'PB-IMASS',3X,'PF-IMASS')
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Table A-i. (continued)

C
C CONVERTRCSCONCENTRATIONSFROM_Ct/g TOCt/kg
C OR RCS IODINERELEASERATEFROMCi/hTO Cl/s
C

IF (ISPFLAG.EQ.I)THEN
XICONC- XI/lO00.

ELSE
" RRI - XI/3600.

ENDIF
C

• C SET INITIALCONDITIONS
C

CRCS = 0.0
CSCS = 0.0
XIOUT= 0.0
T=O.O
XMSCS= XMSCSO
VCONC= 0.0
PBINT= 0.0
PFINT= 0.0

C
C CALCULATERCS CONCENTRATION
C
10 IF (ISPFLAG.EQ.I)THEN

CRCS = XICONC
ELSE

CRCSM= CRCS*XMRCS- CRCS*FLOW*TDEL+ RRI*TDEL
CRCS= CRCSM/XMRCS

ENDIF
C
C CALCULATEBULKSCS CONCENTRATION
C

CSCSM= CSCS*XMSCS+ CRCS*FLOW*TDEL*(].O- PBFRAC- PFFRAC)
& - VCONC*TDEL*(XMST- FLOW*(PBFRAC+ PFFRAC))
XMSCS= XMSCS+ FLOW*TDEL*(].O- PBFRAC- PFFRAC)
XMSCS= XMSCS- TDEL*(XMST- FLOW*(PBFRAC+ PFFRAC))
CSCS= CSCSM/XMSCS

C
C CALCULATESTEAMIODINECONCENTRATION
C

VCONC = CSCS/PCl
- C

C CALCULATEIODINERELEASERATE FROMSOS
C

. XMFLO= XMST - FLOW*(PBFRAC+ PFFRAC)
XIFLOW= VCONC*XMFLO
BPFLOW= FLOW*CRCS*(PBFRAC+ PFFRAC)
PBFLOW= FLOW*CRCS*PBFRAC
PBINT = PBINT+ PBFLOW*TDEL
PFFLOW= FLOW*CRCS*PFFRAC
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Table A-1. (continued)

PFINT - PFINT+ PFFLOW*TDEL
XIFL - XIFLOW+ BPFLOW
XIOUT- XIOUT+ XIFL*TDEL

C
C UPDATETIME
C

T - T + TDEL
C
C WRITETOOUTPUTFILE
C

WRITE(8,114)T,CRCS,CSCS,XIFL,XIOUT,CSCSM,PBINT,PFINT . "
114 FORMAT(8(EIO.4,1X))
C
C CHECKFOR ENDOF TRANSIENT
C

IF(T.LE.TIME)GOTO 10
CONTINUE
STOP
END
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Table A-2: Hand calculation results for' Test I.

Time [ I]$cs. t [I ]srs.v I-out

0 0 0 0

]0 1.0e-3 1.0e-5 l.Oe-2
,, J, , , ,i i ii ,, , ,, i, ,,

20 1.999e-3 1.999e- 5 2.999e-2

30 2.997 e-3 2.997 e- 5 5.996e -2

40 3.994e- 3 3.994e- 5 9.99e- 2

50 4.99e-3 4.99e-5 1.498e- 1
,,,, , I '1

Table A-3: Hand calculation results for Test 2.

me [_]_/l_g/ [II_g_ IC°ut,I ....
0 0 0 0

10 1. Oe-4 1. Oe-6 1. Oe-3

20 2.989e- 4 2.989e-6 3.989e-3

30 5.956e- 4 5.965e-6 9.945e-3
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Table A-4: Hand calculation results for Test 3.

.............. ii i .=

ou,(s) , lc ( (ci) ,,,
0 0 0 0

i i i , ..

10 9.0e-4 9.0e-6 ] .0081
i

20 1.799e-3 1.799e- 5 2.024
i

30 2.697e-3 2.697e-5 3.048
i, , i i, i i ii i

Table A-5: Hand calculation results for Test 6.

m n i n nra, nn n n n r n n n n n nii n II • ni n

Time (s) M_ (kg)

0 I .Oe4

10 1.05e4

20 1.1e4

30 1.15e4

40 1.2e4

50 1.25e4
, ,,, , , , I III I'r
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Table A-6: Handcalculation results for Test 7.
lll,,i i i i i I i

,me out(s) (c (cl)
0 0 0 0 ,

i , , r--

lO 8.57le-4 I.714e-5 I.00686
,, i J , i

" 20 1.636e-3 3.271e-5 2.020
i i i i i i, Ill I , ,,,, ,,,
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