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ABSTRACT

The purpose of this task is tc rrovide procedure cuidelines which can be used -
under post accident plant conditions to determine the degree and type of
reactor core damage frcm the measured fission product isotopes and from
various chemistry and physical parameter measurements readily available to the
plant operators. Implementation of this task assumes that project specific
implementation of the RUREG-0737 Item I1.B.3 requirements for Post Accident
Sampling Systems have been met. The task is divided into a two phase progranm.
The first phase of this program is the preparation of a guicdeline for core
damage assessmeﬂ% to serve in the interim to the preparation of the
.ccmprehensive procedure. This first phase will determine core damage
assessment based only on the radiological analysis of samples obtained frem
the reactor coolant, ccntainment building sump, and the ccntainment building

atmosphere, .

The second phasé will determine core damage assessment based on a
cemprehensive evaluation of data on plant ccndition. The information
available vrcm all potential indications will be }actored into the final
estimate. These indications include the core exit the;mocouple temperatures,
reacter coolant and contairment atmosphere h}drogen ccncentrafions, and
containment radiation dose rates. The implementation of both phases is
required to comply with the #RC criteria. This report provides the results of

both phases of effort on this task.
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1.0 INTR0CUCTICH

1.1 BACKGAGU:

The {IRC instituted the NUREG-0737 (Reference 7.1) requirements as
implementation of the Post TMI Action Plan in Hovember 1980. Among these was
the requirement for a design and operational review of plant reactor coolant
and containment atmosphere sampling system capabilities under accident
conditions. The quantitative review criteria were, in §enera1, beyond the
capabilities of existing plants. The industry expended substantial efforts to

develop the post-accident sampling systems and equipment necessary to meet

the review criteria. The implementation date for operating plants was -
January 1, 1982 and for other plants was four months prior to achieving five
percent power during precperational tests.

In March 1882, the WRC issued a clarificatidn (Reference 7.2) to HUREG-0737

providing guidance for preparation of a procedure to assess core damage,
Appendix A. As stated in this clarivication, none of the near term operating
license applicants had teen successiul in providing an acceptable procedure.
As a consequence, each near term operating license applicant has a condition”
which may restrict pcwer operation. Additionally, the NRC stated that a final
procedure for estimating core damage may take approximately 12 months.
Therefore, the HRC statad its willingness to accept an interim procedure. The
interim prccedure in coajunciicn with a firm date for the final procedure

would be used to remove the pcwer restricting.license condition. The

“fem
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clarificaticn of the NUREG-G737 requirements was stated with respect to near —T)
term operating license applicants. A similar licensing conditicn may be
anticipated by ccerating licensses as the iRC begins scheduling their review

with respec:c to NUREG-G737.
1.2 PLAN FGR CORE DAMAGE PROCEDURE

Combustion Engineering, in conjunction with the C-E Owners Group (CE0G), has
implemented a two-phase program to provide procedure guidelines for assessing
core damage follcwing severe accidents. This, report is the final product of

that two phase effort. The first phase was the interim procedure guidelire

required by the HRC Vor assessing the extent of core damage by utilizing cnly
radiological analysis of samples obtained frcm the Post Accident Sampling

System (PASS).. These samples are 1) coolant from the Reactor Coolant System t)
(RCS), 2) -ceolant from the ccntzinment building sumps, and 3) gas 7rom the
contairment building atmospghere. Such samples are available frem a Poét

Accident Sampling System which has the functional capabilities required by

Section I[I.8.3 of NUREG-G737.

The seccéd phase of the CzCG pregrazm provides comprehensive procedure
guidelines for utilizing chemistry data from the PASS and also frcm cther
commonly available instrumentaticn in addition to the radiological data
employed in the interim procecure. The PASS chemistry data include hydrogen
concentrations and total gas content in the samples. Other instrumentation
includes RCS pressure, Core Exit Thermccouple (CET) temperaturés, and
containment radiation levels. The final report from this second phase is a

cormprehensive procedure guideline which utilizes all the PASS sample data and 9

1-2







other instrument indications to provide severai complementary estimates of the
extent of the cora damace. The plant personnel will interpret these damage
estimates in combination with their knowledge of the particular plant and
accident scenario and their prior training to arrive at a judgement on the

extent of core damace.
1.3 DEVELOPMENT OF THE INTEZRIM PROCEDURE OUTLINE

There are three factors considered in the interim procedure which are related

to the specific activity of the samples obtained and are employed to assess

the degree and type of core damage. These are the identity of those isotoces
which are released, the respective ratios of the specific activities of those
isotopes, and the percent of the source inventory of the time of the accident

wihich is observed to be present in the samples.

The HRC guidelines for preparation of this procedure define ten categories of
fuel damage intended to address fuel integrity for post accident sampling.
These ten categories are characterized according to the anticipated mechanism
of fission product release frcm the fuel. Each mechanism of fission product_.
release is then characterized by the identity of characteristic fission
products present in a given post accicdent sample. This identity may be used
to make an initial categorization of the type of core damage. The selection

of the representative fission products is described in the following sections.

There are two sources of the fission products released by the fuel. These are
the fuel pellet and the fuel gas gap. The presence of a fission product in e

either source is a function of the fuel history, the diffusion oroperties of
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the isotope and the half life. The relative ratios of the quantity present
for an isotepe of a given element will differ between the fuel pellet and the
©1::1 gas gap. The type of fuel damage, determined initially by the identity
of the characteristic fission product, is then confirmed by calculating the
isotope ratios and comparing them to analytically determined standards for the
pellet and gas gap. The source of the release is added identification to the

type of core damage.

The degree of core damage is exbressed in terns of the percentage of the total
core inventory available for release. The specific activity of the measured
samples is compared to analytically determined curves for the specific
activity at the sample location as a function of the total core inventory
available for release. The assumptions used to describe the progressive
damage expected in fuel rods during core melt accidents and the distribution
of the fission products within the fuel rods under normal operation is based

upon the material prepared for £PRI through the IDCOR Program, Reference 7.3.
1.4 DEVELOPMENT OF THE COMPREHENSIVE PROCEDURE OUTLINE

There are three factors considered irn the comprehensive procedure which are
related to the chemistry and physical parameters of theisamples obtained and
are employed to assess the degree and type of core damage. These are the
hydrogen gas content of both the reactor coolant and containment building
atmosphere, the reactor coolant temperatures as measured by the core exit
thermocouples, and the radiation dose rates measured in the containment

building atmosphere.
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The #RC guidelines, as previously discussed, define ten categories of fuel
damage intended to address fuel integrity for post accident sampling. These
ten categories are characterized by the temperatures achieved on the fuel
cladding surface. Characterization of core damage in terms of fuel cla&
surface temperature permits the use in this procedure of two parameters which
are measurable following an accident. These are the amount of hydrogen gas
within the containment building and the core exit thermocouple temperature.
The amount of hydrogen gas measured within the containment by the PASS is
correlated to the extent of chemical oxidation of the fuel cladding which
occurs at elevated surface temperatures. The maximum coolant core exit
temperature measured by thermocouples is correlated to the percent of fuel
rcds with clad surface temperature above that which is considered to be a

threshold for clad rupture due to gas gap overpressurization.

The information obtained “from hydrogen measurements as an indication of fuel
cladding oxidation is more applicable within the fuel overheat category of
core damage. Within this category the clad surface temperatures are
sufficiently high to result in the production by oxidation of measurable
quantities of hydrogen but are below that which results in fuel clad materiql
melting. The hydrogen gas measurements are ;btained by the PASS. and
analytically corrected to account for the presence of hydrogen gas produced in
sources other than fuel clad oxidation. The measurements are used to obtain
the total amount of hydrogen produced from fuel clad oxidation. This value is
used by procedure to estimate the extent of fuel overheating according to the
percent of fuel rods which have been oxidized beyond the limits for continued

structural integrity. o e
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The information obtained from reactor coolant core exit temperatures is most

applicable within that category of core damage which addresses cladding

failure. The mechanism of core damage measurable by core exit temperatures is -

the rupture of the cladding as a result of high temperature overpressurization
of the gas found within the gas gap region of the fuel. It will be shown that
this mechanism results in the rupture of a significant fraction of the fuel
rods in the core prior to temperature reaching fuel overheating and the onset
of oxidation initiated clad failures. The reactor coolant core exit tempera-
tures are measured by thermocouples located within the reactor vessel.
Analytical determinations of the radial distribution of the core exit tempera-
ture under the most general cases of post accident conditions are described.
The measurements obtained following an accident are surveyed to identify the
maximum channel exit temperature. This value along with the analytically
determined rad{al distributions of temperature are used by the procedure to
estimate the extent of cladding failure. The estimated damage is the percent
of the fuel rods in the core which have clad surface temperatures above -the

established value for rupture due to gas gap overoressurization.

The dose rate inside the containment building is a physical parameter which
also may be used to characterize the ten categories of core damage. As
previously discussed, with regard to the Interim Procedure, these categories
were characterized according to the mechanism for release of fission products
from the core. The identity of each of these mechanisms of ielease may be
determined by the presence outside the core of specific characteristic fission

products. The dose rates inside the containment building are dependent upon

R




the quentity, identity, and distribution ¢f those fissicn products. Therefore
characterizatica of ccre damage in terms of the machanisms of release permits
the use in this prccedure of the measured area radiztion dosa rate to assess .

core damace.

The information obtained frcm area dose rates within the containment building
as an indicaticn of fissicn procduct release is most applicable within the
cladding failure and fuel overheat categories of damage. The application of
the fission product release mechanisms to core damace assessment is the sarme
as that used in the Interim Procadure. The éifference, when applied to the
Ccmprehensive Pr;cedure. is the physical parameter being measured. In the
Comprehensive Prccedure the mechanism of release is correlated to the
reasurement oF the area radiation decse rate rather than to the measurement of
sample speciiic activity. The use of two different measurements 7vor the
evaluation of the same physical parameter is a means to recduce the

uncertainity in the assessment of core damage.
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2.0 CATZZCRIZATICN OF THE EXTENT OF CCRE DAMAGE

The task of applying post accident sampling system data to assess the
cendition of a reacter core follcwing an accident requires some descripticn of
the relevant conditions. A wide range of accident types and sequences are
possible. Therefore it is not appropriate to attempt to employ specific
accident scenarios in the developmént of such a procedure for core damace
assessment. However the end prcduct statement concerning core condition
shculd be capable of describing the thermal hydraulic and material proper<ies
of the degraded core to the extent practical for the implementaticn of that

information in emergency decisions. The statement of core conditicn sncuid te

in terms of defined categories which are ccrmonly undersicod but at the seme

time do not imply Guantitative assessments which are beyond the accuracy of
the data evaluaticen. Tbe Rogovin Recort, Rerference 7.4, categorizes core
damabe inte four major types as follcws; no fuel damage, fuel clacdding
failures, fuel pellet overheating, and fuel pellet meiting. Consistent with
these catecories the NRC guidelines Further delineate each of the three later
categories into initial, intermediate, and major thereby assessing the extent
of each type of damace. A rationale is then required to describe the
resulting ten categories in terms of those physical conditions of the core for

which measurable data may be cbtained.

Independent of the accident scenario, the start of a deéraded core condition
in a Pressurized Water Reactor is the result of a thermal inbalance between
the heat generated in the fuel and. the heat removed frcm the cbre ccoling
water. Core heat removal and ccclant neat removal are two of the principal

Safety Functicns activities of the reactor cperator following an accidant.
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The events following this initiating condition as they relate to the thermal —T)
and material state of the core have teen the subject of a number of analytical

and experimental evaluations. In order to define the physical parameters

acrcss the spectrum of core damage it is necessary to first assume that the

accident is allcwed to prcgress through that spectrum and then to select an

analytical model to predict the resulting conditions.

Particular accident scenarios could be postulated for which changes in the

system pressure, the time period of core uncovery, and the rate of uncovery’

would result in a final core condition anywhere within the range of spectrum

of core damage, Hcwever as stated pfevious]y, this discussion does not assure

any particular accident scenario. Accident progression frem initial fuel

damage thrcugh to the eventual condition of major fuel pellet melting is

assumed only to‘allow correlation of the physical parameters anticipated ;i)
threuch the pregressive core degradation to the ten selected catescries of .

core damace,

The model selected to describe the pregressive material interactions and

damage expected in fuel rods through the spectrum of degraded core conditions

is that described by EPRI through tﬁe IDCOR Program, Reference 7.3. That -~
reoort provides a model which is the result of a state of the art evaluation

of a number o{ independent analytical and experimental works. It js

reccgnized that a definitive model for progressive core degradation has not

been develnped. However, the resu]és at the IDCOR Program are widely accepted

and will therefore be empioyed as a basis for this procedure.
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The prccression of core damage, which begins with a loss oY the equilibrium in
the reactor core heat balance, for the purposes of this report is taken to te
as follcws. The centerline temperature of a fuel rcd will depend upon its
pcwer density, the thermal conductivity of the fuel, the gap conductance
between the fuel and the cladding of the rod and the ccnditions of the
surrounding coolant. Centerline temperatures are in the range of 2200 to
33C0°F for normal operating conditions. Follewing an accident the core may
not be able to reject the stored enercy plus the fission product decay hea:
frem the cladding surface due to the initiating loss of heat balance between
the rod and the ccolant. The surféfe temrerature of the cladeing increases,

possibly resulting in temporary 7ilm boiling of the reactor ccolant. The fuel

temceratures continue rising, follewing a loss of ccolant accident which

uncovers the top of the ccre, since steam ccoling of the uncovered porticn of
the fuel is not sufficient to remove”the decay neat uniess there is 2 larce
temperature difierence btetween the clad and steam., Ouring depressurization
ac&idents, a pressure dif}erentiaI exists between the gas precent in the ‘uei
rcd gap and the reacilor ccoiant pressure which may cause the cladding to
burst. The cladding burst can be expeczed to cccur in the teﬁ;eracure rangs

of 14C0 to 2CCO°F cegending upon the amcunt of fission gas and prepressurizing

helium in the fuel rod, the reactcr vessel pressure, the rate of temperature ™

rise, and the time at temperature, Reference 7.5. (Clad burst may occur at

.

temperatures 2s lew as 1000°F when high differential pressure is ccmbined with
long duration at temperature. The clad burst results in the release of
volatile fission orcducts presaent within the gas gap and to a lesser extent
within the fuel pellet suriace. Clad rupture dces not occur uhiformly across

the core beczuse of the radial variation in tTuel rcd peak clad temperature.

-







As the core beccrmes uncovered the steam surrounding the fuel rod oxidizes the ﬁ)
zirconium present in the expcsed length of the cladding. A chemical byprocuct .
of the reaction is the production of.hydrogen gas. The oxidation is an

exothermic reaction whose rate is dependent upon the surface temperature of

the cladding. The exothermic reaction provides an additional heat source

which serves as a catalyst to accelerate the rate of reaction. This reaction

is the cause of the rise in fuel temperature above 22C0°F. During the later

- stages of core uncovery the steam rising from the lcwer regions of the core

can be ccnsumed by reaction with the cladding in the upper regions.

Oxicaticn oF the zircenium present in the cladding causes embrit:]ement of the
materiai with stubsequent degradation o7 structural integrity. At some time
cduring the accident the core may be reflooded and cooled or the reacter

ccolant pumps may be started causing a pressure transient. The erorittled :)
fuel cladding would fracment as a result of either thermal or pressure shcck.
This increase in fuel survace to volume ratio would increase the release ra:e

of fission procucts.

Above the temperature range of 2CC0 to 2350°F, general lattice mobility exists
in the fuel allcwing fission products to diffuse to more stable thermodynamic --
states. Atcms which do not react with the UO2 or any foreign material in the
pellet will difiuse from the interstitial location to é}ther a micrcbubble or
metallic phase. At approximately 2450°F, the fission products including noble
gas, cesium and iodire will be releesed from the UO2 grain bcundaries. At

temperatures above 2430°F, the fission cas micrcbutbles includes vagorized

cesium and iodine,




LN

Above 3250°F the Zircaloy cladding makes. Endothermic reactions occur between

rolten Zircaloy and ZrO2 and the dissolution of 'JO2 by molten Zircaloy. The

release of fission products by diffusion from UO2 grains begins to occur at a.
rapid rate. The diffusion process is continuous but the rate is not
significant at lower temperatures. The liquid formed as a result of these
endothermic reactions flows through the fuel rod gap and continues to dissolve

the U02 fuel.

Those material interaczicns and damage expected in fuel rods acccmpanying
prolonged core uncovery relevant to the NRC categories of core damace are
summarized in Teble 2-1. As described above, a temperature rénge is
ascociated with each physical condition. The mechanisms of fission procucs
release frcm a fuel rod which has been burst are related to the fissicn
prccuct volatility and diffusion transport properties. PBoth of these are
temperature dependent. jherefore each of the ten categories of core damage
can be characterized by the type of fuel damage, the corresponding temperaiure
range, and the mechanism of fission product release. The characterizaticn of

the categories is summarized in Table 2-2.

Therefore the ccmbination of Tables 2-1 and'2-2 provide the definition and
physical conditions for each of the ten }IRC Categories of core démage which
are employed threoughcut the subject procedure. Thig provides the required
definiticons For ccmmon understancing o7 the end product statement of core

damage assessment.
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TABLE 2-1

-

Pregressive Material Interactions and Damage

Expected in Fuel Rods Curing Core Melt Accidents

Tvoes of Fuel Damace

Ballocning of Zircaloy cladding

Burst of Zircaloy cladding

Oxidaticn of clddding and hydrcgen generation
Embrittlement of fuel rod cladding by oxidation
Fissicn Product fuei lattice mobility

Grain bouncary diiiusion release of fisﬁicn
products

Melting of metallic Zircaloy

Fission Product Divfusion Trem UO2 Grains
Dissoluticn of UO2 in the Zircaloy - ZrO2
eutectic '

Melting of UO2

2-6

Temperature °F

> 1300
1300-2GC0
> 1600
> 22C0
2060C-2:20







et mw -

Charactarizzsicn of NRC Catacories cF Fuel Damace

Table 2-2

hRC Catecory of
Fuel Damace

10.

Ho fuel demace
Cladding failures
Interrmediate Clacding

Failures

Major Cladding
Failures

—
—

Fuel Pellet Overheating

Intermediate Fuel
Pellet Overheating

Major Fuel Pellet
Overheating

Fuel Pellet Melt

Intarmeaiate Fual -
Pellet Melt
Hajor Fuei Pellet
Melt

Mechanism of
Releace

Clad burst and
> diffusional gap
release

~ )
-« Grain bcuncary
diffusicn

Diffusicnal Raelease
frem UO2 grains

> Escape ¥rcm molten
fuel

2-7

Temperature
Rance °F

~ 780

1300-2CG0

PrerTs




<

.\\

3.0 ESTABLISEMENT OF THE 3ASES FOR CCRI DAMAGE ASSESSHMENT USING

RADIOLCGICAL DATA

The purposes for performing core damage assessments are first to assess the
effectiveness both of the reactor operator actions and the automatic
engineered safety feature systems to mitigate the consequences of an accident
and second to assess the potential for subsequent release of radiocactive
material to the environment. Section 2.0 of this document described core
damage in terms of the material interactions and structural integrity expec:ad
in fuel rods experiencing uncovery and and the consequent prcgressively
increasing fuel temperature. Based upon the stated. purposes for core damace
,assessment it is appropriate to define the Eategories of core damace for use
in this procedure in terms of those physical parameters relevant to the
release of radioactive material. The postulated sccpe of core damage
enccmpasses a broad spectrum of physical conditions. Thereicre, it beccres
neéessary to measure as m;ny parameters as possible in orcder to define the
locaticn of the core within that spectrum of damage. Additionally, to cbtain
a workable procedure it is necessary to limit the definition to those physical
parameters for which measurabﬁe data may be obtained using the Post Accident
Sampling System. This means that those parameéers are selectad for which ”
specific conclusions may be drawn with respect to core'condition and.for which
the variations in the accident scenario have-a minimum influence on that

conclusicn. Wherever possible, the ccnditions which influence the measurement

of a given parareter are identified.
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Within these crizeria the core damage categories are detined in terms of the "‘
source of fission product release, the mechanism of fission prcduct release, ’
and the quantitative release of characteristic fission prcducts expressed as a
percent of the theoretical source inventory. The mechanism of fission product
release is identified through the presence of characteristic fission products

in the sample medium. The source of fission product release is identified

through the relative ratios of the isotopes of a given fission product. The
quantitative release is determined by calculation using the concentration

reasured in the sample and tabulated theoretical source inventories. Each of

these selected physical parameters are quantified in terms of measurable data.

In each case however there are conditions which may influence the accﬁracy er

limit the validity of the measurement. The folliowing sections describe the

technical basis for the selection and use of each of these parameters

including the ccnditions wnich may influence the accuracy of their ")t)

¥

measurenent.

The cbjective of the subject ccre damage assessment procedure is to achieve an
evaluation of the radiological data within sur“icient accuracy to determine the.
existing core condition in terms of the ten devin:: categories described in
Section 2.0. The follcwing table provides the criteria by which each category __
is evaluated with respect to the three physical parameters selected above. B8y
procedure the plant perscnnel will use the measured radiological data to
determine each physical parameter, locate the parameter within the table, and
then use the table to state thé ccre ccndition in terms of the corresponding

defined categories.




Table 3-1

‘Radiological Characteristics of HRC Cateqories of Fuel Damage

Release of Characteristic

HRC Category of Hechanism of Source of Characteristic Isotope Expressed as a
Fuel Damage Release Release Isotope Percent of Source laventory
Ho Fuel Damage Halogen Spiking Gas Gap I 131, Cs 137 Less than 1
Trawp Uranium fb 88
Initial Cladding Gas Gap Less than 10
Failure n ,
Intermediate Clad Burst and Gas Gap Xe 13Im, Xe 133 10 to 50
Cladding Failure > Gas Gap Diffusion 1131, 1133 !
Release
Majdf Cladding Gas Gap Greater than 50
Failure
Initial Fuel Pellet ~ Fuel Pellet Cs 134, Rb 88, Less than 10
Overheating ’ Te 129, Te 132
Grain Boundary
Intermediate Diffusion Fuel Pellet 10 to 50
Fuel Pellet
Overheating

Major Fuel Pellet Diffusional Release Fuel Pellet Greater than 50
Overheating From UO2 Grains

Fuel Pe]lét Melt - Fuel Pellet Less than 10
lutermediate fFuel Escape from Molten  Fuel Pellet Ba 140, La 140 10 to 50

Pellet Helt > Fuel La 142, Pr 144

Major Fuel Pellet ) : Fuel Pellet Greater than 50
Melt




Core damage will not take place unifcrmiy among all the fuel rods. Unifora
fuel rod damage throuchout a given core would in fact be an unrealistic
assumpticn due to”the radial variations in fuel rod peak cladding
temperatures. Therefore, when considering the total effect of the damace on
all of the individual fuel rods, the core damage assessment procedure yields a
ccmbination of categories which may exist at the time a given sample was
obtained. As an example, the analysis of a‘given sample may indicate the
presence of -both (1) fission procuct isotopes characteristic of grain boundary
diffusion in a guantity ecual to 25 percent of the fuel pellet inventory and
(27 fission product isctopes characteristic of cladding burst release in a
guantity ecual to 100 percent of the fuel gas cap inventery. In this example
fhe ccre damace assessment would be intermediate fuel pellet overne2ting with

ccncurrent major fuel cladding failure.

8ASIS FCR SELECTIGH OF CHARACTERISTIC FISSI0N PROCUCTS

-

(93]
.
[

The mechanism of fission preccuct release frcm a damaged fuel rod is identified
thrcuch the presence o7 characteristic {ission products in the sample mediun,

A survey has been ccmpleted to determine the fission prcduct isotopes which
characterize a given mechanism of reiease., These jsotopes are chosen to --
determine the decree and type of core damage. Specifically the isotopes are
seiected to differentiate between the three major types of core damage - |
cladding failure, fuel overhezt, and fuel melt. Tﬁe criteria for selection o7
the isotopes includes half life, the quentity present in the core, the rate at
which they reach equilibrium in the core inventory with respec; to fuel

burnup, the degree to which their presence in a sample represents a speciiic

type of core damace, detectability using standard semiconductcr and

3-4

N

)




\

~Therefore analytical correction oT measured data to & standard core burnus is

rmultichannel analvzer technigues within a postulatad fission product mixture,

and the amount of infcrmation available on their chemical behavior.

The fission products selected all have radioactive half lives of sufficient
duration to ensure that they will be present in quantity and time pericd
following an accident to allow detection and analysis. Another important
related factor is the history of the fuel pribr to cladding rupture. The
physical properties of the isotope determine the rate-at which a specific
isotope inventory apprcaches equilibrium in the core as a function of core
burnup. Implementation of the subject prccedure under post accident

ccnaitions necessitates simplificaticn of data analysis whenever possible.

not desirable. Selecticn of monitored isotopes which reach radiological
equilibrium quickly within the fuel cycle eliminates this ccncern, The
physical parameters of influence to this selecticn are isotcpic hali iife,
fi;sion prcduct yield, c;bss secticn for loss due to neutron absorpticn, and

decay chain branching fractions,

To iﬁplement the selection criteria, the isotopes selected are divided into

two greups. The first group includes those isotopes with half lives between™™ --
four hours and fifteen days. These isotopes are usad to assass the damage
cendition for cores that have been operational in a given cycle for more than:
thirty days. These isotcpes reach radiological equilibrium levels in the core
after thirty days of operation. The second grcup includes those isotopes with
half lives between cne hour and twenty four hours. These isctépes are used to .

assess the damace ccrdition for cores that have bSeen operational in a given

s
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cycle for fewer than thirty days. This group is used in determining core
damage early in a given core cycle, but has the limitation that sampling and
analysis must be ccmpleted within a few hcurs following the accident to avoid

the loss of data by isotopic decay.

The selection of fission products by detectability is a very practical
criteria in the implementation of the subject procedure. Numerous factors
influence the ability to sample and detect specific isotopes. Reliazbility of
the sampling is hampered by rapidly changing plant conditions, equipment
limitation, and lack of operator familiarity with rarely used eanalytical
procecures, Chemists are required té exercise considerable caution to
mininize the spread of radiocactive materials. Samples have the potential of
teing ccniaminated by numerous sources and may not result from a unidorm
distrituticn of the sampied medium. Ccoling or reacticns may take place in th
long sampling lires. Therevore the result§ obtained may not be renresentative
of the plant condition. Plant cornditions, radiation exposure, and time

requirements may prchibit multipie semples and reduce statistical reliabili<y.

Sgecific criteria for detectability of a fission product in a given sample is
based upon the capabilities of typical semiconductor detectors employing
rultichannel analysis of the fission product garma energy spectrum. These
criteria include the principal fission product decéy energy, the presence of
other isotcpes with similar or masking decay energies, and the success of such

measurements in experiments conductad by C-t and other reported measurements.

.
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Seleczion of fissicn proccduct isotopes as being resresencative oV specitic
types o¥ core damace and with respect to the availability of data on their
chemical behavior is based upon a survey of the published literature. The
reports which were of specific contribution are the IDCOR Draft Final Repore,
Reference 7.3, and the Rogovin Report, Reterence 7.4. The specific criceria
to select isotopes as indicators of the type of core damage is their

respective volatility.

The category o7 no core damace is characterized by the rzieasa of fission

prcducts threcuch the mechanisms of spiking and tramo uranium fission. Reac:cr \
ccolant system pressure, tempera2ture, and power transients may result in iccine

spiking. lodine spiking is identified by a rise in reactcr ccolent iodine

or

cencentrations during the pericd frcm 4 to 8 hours arter the transient. The

[+Y]

iodine concentraticns can be bounced by a value of 5G0 times the ecuilibrium
levels during'faulted conditions such as a steam ceneraisr tube ructure
withcut any fuel cladding failure. Spiking is identified by a decrease in
reactor ccoiant concentration subsequent to the spike peak at a rate equél to

the system purification half lifa.

The categories of core damage, identified as cladding failure are characterizad™ .-
by the release of fission prcducts through the mechanisms of burst and gas cep
diffusicn. The characteristic fission products are the ncble gases and

halogens, which, because they are volatile can migrate quickly thrcugh the

fuel pellet and gas gap 7or release following cladding rupture. These

isotopes are volatile in the temperature ranget(1300-1800°F) acceptied as

cladding burst temperatures., 'When the cladding ruptures the entire amcunt of

v

noble fission gases previcusly accurulated in the plenum and open voids in the
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fuel will be assumed to be released. This amcunt can range up 0 25% of the
long half life fission gas isoicpes depending on power history. Cesium and
iodine are also released_when the cladding -uptures but the quantity carried
out with the vented gas is considerably less than that for the noble fission
gases. The initial release of cesium and iodine derends upon the fuel
temperature, the volume of gas vented, and the amount of cesium and iodine
initially in the fuel gap. The diffusicn release of the remaining halogens in

the gas gap is a slow process in the cladding burst failure temperature rancge.

The catagories of core damage identified as fuel overheat are charactarized by
the release of radiocactivity through grain bcundary difiusion and by diffusicn

d
frem within the UO2 grains. Grain boundary diffusion begins abcve 2450°F.
The mocerately volatile isotopes of cesium, rubidium, and tellurium are
characteristic qf this type of damage. The IDCCR report estimates that 205 o7
the total initial fuel inventory of ‘stable and long lived cesium would be
released at temperatures codéis:ent with grain boundary diffusion.

Diffusional release of these isotcpes Trom within the UO2 grains increases
rapidly beyond this temperature and the rate is a subsequent function of

tamperature.

At creater temperatures (23550-3450°F) reactions begin between the solid L'O2
and solid metallic zircaloy, melting of the control rods materials, and
melting of the zirccnium. This is the onset of the categories of core damage
identified as core melt. At these temperatures, greater amounts o7 tellurium
are released. Alkali metals such as barium velatize as well as rare‘earths

and actinides such as lanthanum and protactinium. The amount and tvpe of

isotopes released is dependent on the extent of fuel fracmentaticn.
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Table 3-2

Seiec-ad Isotcpes for Core Damrace Assessment

Category of Selectad Fuel History Principal Core Inventory
Core Damace [Isotcce Half Life Grouoing Enercv, Mev Qrcer of Macnituce

Kr 87 7€m 2 0.403 1(+7)
Clad Xe 131m 12d 1 0.164 5(=3)
Failure Xe 133 5.4d . 0.0381 1(+8)

I 131 8d 1 0.364 7(+7)

[ 132 2h 2 0.955 1{+8)

I 123 21h 182 0.53 1(-28)

I 135 '6.8h 2 1.14 1(+8)
Fuel Cs 134 | 2yr 1 0.5C% 2(~7)
Overheat Rb 38 n 2 1.86 4(+7}

Te 129 - 7Ca 2 0.945 2(+7)

Te 132 72h 1 0.23 1(-2)
Fuel Melt  Sr 89 52.7d 1 0.91 1(+8)

Ba 130 12.84 1 0.537 1(+8)

La 140 40h 1 1.5¢6 1(-38)

La 142 ¢Cm 2 0.65 2(+8)

Pr 13s 17.sm 2 0.695 9(+7)
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Based on these criteria Table 3-2 provides a list of the isotores selectad for ‘)
analysis in the subject procedure. The isotopes are grouped accerding to the
type of core damage their presence represents and 2czording to their use with

respect to fuel history prior to the accicent.
3.2 BASIS FOR IDENTIFICATION OF THE SOURCE OF THE RELEASE

The identification of the source of the fission product release is useful in
determining the extent of damace which may exist in a ccre follewing a given
accicent scenario. For a particular accident the radial variation in peak
fuel claedding temperature can be significant. Therefore accident scerarios
can be postulated in which a limited number of fuel rods may experience fuel
peilet overheating while the majority of the fuel may not reach the 12CC°F |
temperature reqqired for cladding burst. During such an accident the icentity ’ff‘)
and quan:i:y of fission products detected in reactor cociant sampies is

insufvicient information to;determine the type of damége which has cccurred.

The added indcrmation needed to evaluate the accident is the source ¢f the

detected fission prcducts. Specifically it is necessary to determine whether
the fission procucts have been released trom the fuel rod gas gap or frcm the
fuel pellet. This determination can be performed using the relative ratios of .-

“r

the isotcres of a given fissicn product.

Ouring the fission preccess the relative ratics of the isotopes of a given-
fission product will remain constant. The value of the ratin is cependent
upon the material being fissicred and the energy of the neutron which induces

the fission. Each isotope has its cwn characteristic hali life. Therefore
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the ratios of the isotcpes will vary as a funcsicn of time follcwing their
production. If it is assumed that the only lcss term frcm the fuel roc is cue
to decay of the isotopes then an equilibrium ccnditicn is reached in which the
production of the isotopes will equal their loss due to decay. Under
equilibrium conditions a fixed inventory of the isotopes exists within the
fuel rod. The assumed condition is practical for selected fission prcducts
which are products of a limited number of precursors and whose isotopes have
small neutron absorption probabilities. For these fission products the
relative ratio of their isotopes within the fuel pellet can be considered a
censtant when the reactor has operated for sufficient time for equi]i?rium toe’

have been reached. . .

During power operation the central temperature of a fuel rod is significantly
hicher than that of the fuel rod gas gap or cladding surface. Thus a large
temperature gradient exists across the fuel peliet. Such temperature
gradients cause substanti;l migration of volatile fission products if they are
unhampered by chemical reaction within the peilet. Those fission prcducts
which migrate alcng that gradient and reach the gas gap will consist of
rmaterial which has existed in the pellet for sufficient time for this
migraticn to take place and therefore may be consicered to consist of the
older collection of material. The relative ratios of the isotopes of fissicn
products found in the cas cap is theretore difierent frém that found in the

fuel pellet because the ratio varies as a functicn of time follcwing

production. Thus, thecretical calculaticns may be employed to determine




typical ratios for isoctcpes of a fission product in a given region of the
core. Comparison cf the ratios obtained frecm sample data with these

calculated values determines the source of the fissdion product releass.

The fission products iodine and xenon were chosen for use in this procedure by
employing the criteria for selection of elements for which the assumption of
equilibrium conditions is practical. Table 3-3 provides the results of
theoretical calculations of the relative ratios of the isotopes of these
elements when found in the fuel pellet and in the gas gap. The calculation of
the values focund in the fuel peliet employed the ORIGEN ccmputer code for
analysis cf fissicn procduct inventories. The calculation of the values found
in the cas cap employea the ANS 5.8 Standard assumptions for the percent of
the fuel pellet fission prcduct inventory which enters the gas cap region of o
rcd in a fuel asserbly with core average burnup. The values are stated as 2
range rather than & specific value. The range is employed to acccunt for the
inaccuracies inherent in the calculations and for the differences in ccre

design ameng the C-g iISSS’'s,
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ISGTCPE RATIOS FOR FISSiON PRCOUCT SCUACE IDENTIFICAT:ION

ACTIVITY RATIO IM

ACTIVITY RATIO iM

1S07CPS FUEL PELLET THVENTORY GAS GAP INVENTCRY
Kr 87 0.2 < 0,001
Xe 131a 0.C03 0.C01-0.003
Xe 133 1.0 . 1.0
I 131 1.0 ‘ 1.0
132 1.4 0.C1-3.G5
133 2.0 0.5-:.0
I 135 1.8 0.1-G.2
* Ratio = Hlecble Gas Isotcoe Inventoary

Ae 133 Inventory

Icéine Isctoce lnventeory
- 1 151 laventory




3.3 BASIS FOR THE DETIRMINATION OF THE QUANTITATIVE RELEASE OF FISSIcﬁ
PRODUCTS

t3,
The quantitative release of characteristic fission products is expressed as
the percent of the source inventory at the time of the accident which is
observed to be p}esent in the sampled media and therefore available for
irmediate release to the environment. The initial source inventory is
theoretically calculated for equilibrium conditions. Prior to use, this value
is corrected by procedure to describe the fissicn product inventory at the
time of the accident. The value of this inventory is dependent upen the
scurce c¢i the fission product release which, as described in Secticn 3.2, may
be either the fuel rod gas gap or the fuel pellet. The reason to define the
quantity of reieased fission prccduct as that which is observed to be present
in the sampled media is a consequence of the limits on the present capability
to predict fission precuct transport and of the use of this information.
Anélytical models for Fission product transport following release frem a
degraced reactor core are not cefinitively developed. Realistic estimates and
data Trcm actual accident case studies indicate that a smaller percent of the
fissicn products is reieased to the environment than is anticipated by thei
Regulatcry models. This is explained by retention of otherwise volatile -
species within chemical reactions occurring in the degraded core, by oxidizing
reactions occurring within the water inventcry present in contairment, and
finally by the plateout of non volatile species cn containment building
surtaces with subsequent reevoluticn into volatile form. The information on
ccre condition is required to make rezlistic assessments o7 :hé potential for

radioactive releases at the time of an accident. These assessments should not

)
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be based upon anaiytical mccels developed for worst case liceasing evaluations.
Therefore, the quantitative assessments are defined in terms of the amount of
fission producss measured in sample fluids which are available for transpors

»

to the envircrnment.

This distinction is best explained by example. Consider the case in which
measured samples of the containment building atmosphere and reactor coolant
indicate that 20 percent of the I-131 iso;ope calculataed to be in the gas gap
is ncw found in the sampled fluids. This dces not indicate that 20 percent of
the fuel rods have been rugtured. A greater number may be anticipated to have

iled. This number cannot te determine ecause the erfects of oxidaticn
fail his b cdet db th fects of dat

* within the core and plateout are not analytically kacwn. Theretcre, it can

only be stated that 20 percent of the gas c¢ap source inventory is evailable
for release to the environment. Using the core damage characteristiics definec
in Table 3-1 this would indicate Intermeaiate Cladding Failure.

The analytical model§ usad to cetermine the fission product scurce inventories
are well défined for equilibrium normal operating conditions. The fuel pellet
inventory tor the selected characteristic isotopes are proviced in Tzble 3-4,
These values were calculated using the CRIGEN computer ccce, Reference 7.6, -
with the assumptions of 2 year core averagé burnup and 1C0 percent power
operation. The corresponding Fuel rod gas gap inventories are provided in
Table 3-5. These values were calculated with the assumption of equilibrium
diffusion rates basad upon average values predictad by ANS 5.4 Standard
Models. The vaiues are expgrassad as the gas gap vission produ&: inventory of
all rcds in the averace fuel assembly times the number cof fuel assémblies in

the core.
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TABLE 3-4
EQUILISRIUM CORE INVENTORY OF CHARACTERISTIC FISSION PROBUCTS

PLANT CLASS, MWT

1S070PE 1560 2530 2550 2700 2815 3300 3800
Kr 87 1.8(7)  3.0(7)  3.1(7)  3.2(7)  3.4(7)  4.7(7) 5.4(7)
Xe-131M  2.9(5)  4.5(5)  4.6(5)  4.9(5)  5.2(5)  7.0(5) 8.2(3)
Xe-133 1.5(8)  1.4(8)  1.5(8)  1.5(8) 1.6(8)  2.0(8) 2.4(s)

1-131 4.2(7)  7.2(7)  7.3(7)  7.6(7)  8.0(7)  9.9(7) 1.2(8)

1-132 7.6(7)  1.0(8)  1.0(8)  1.1(8)  1.2(8)  1.4(8) 1.7(8)

1-133 1.5(8)  1.4(8)  1.5(8) 1.5(8) 1.6(8)  2.0(8) 2.4(3)

1-135 8.6(7)  1.3(8)  1.3(8)  1.4(8) 1.5(8)  1.9(8) 2.3(2)
Rb-£8 2.9(7)  4.4(7)  4.5(7)  4.8(7)  5.0(7)  6.3(7) 7.8(7)
Sr-go 3.8(7)  6.1(7)  6.1(7)  6.6(7) 7.0(7)  9.4(7) 1.1(g)
Te-129 1.6(7)  2.3(7)  2.4(7)  2.5(7)  2.5(7) . 3.1(7) 3.7(7)
Te-132 7.0(7)  1.0(8)  1.0(8)  1.2(¥)  1.3(8)  1.4(8) 1.7(8)
Cs-134 6.1(6) 1.1(7) 1.9(7) 1.2(7) 1.3(7) 1.8(7) 2.4(7)
Ba-140 8.0(7)  1.3(8) 1.3(8) 1.4(8) 1.5(8) 1.7(8) 2.1(8)
La-140 8.4(7)  1.3(8)  1.3(8) 1.4(8) 1.5(8)  1.8(8) 2.1(8)
La-142 1.0(8)  1.5(8)  1.57(8) 1.6(8) 1.7(8)  2.2(8) 2.6(8)
Pr-144 6.5(7)  9.1(7)  S.1{7)  9.6)7) 1.0(8)  1.2(8) 1.4(s)
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TABLE 3-

5

EQUILIBRIUM GAS GAP INVENTORY OF CHARACTERIST!

C FISSICH PRODUCTS

PLANT CLASS. MWT

1SOTCPE 1500 2530 2560 27¢0 2815 330 3800
Kr 87 3.6(0) 1(0)  6.3(0) 6.5(0) 7.0(0)  9.5(0) 1.1(1)
Xe-1314 2.7(4) L2(4)  4.3(8)  4.8(2)  a.e(l)  6.5(3)  7.7(%)
Xe-133 1.3(7) 2(7)  L3(7)  L.2(7) L&7)  L.E(T)  2.i7)
I-131 4.4(6) .6(6) 6.7(6) 7.0(6) 7.3(5) 9.0(5) 1.1(7)
1-132 4.9(3) .0(3)  7.0(2)  7.7(3) 8.3} 9.%(3) 1.2(%)
I-133 4.3(6) .2(6)  6.7(6)  6.7(6)  7.1(5)  8.5(5) 1.i(7)
1-138 7.0(5) 1.I(6)  1.1(8)  1.2{8)  1.5(8) 1.9(3)
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The tabuiated values of fission procuct source inventory are for ecuilibrium \)
normal operating conditions. The required information is the source inventory

at the time of the accident. Therefore, these values wmust be corrected to

account for the histery of the'core up to that time. The specific parameters

which must be accounted include the core pcwer level and average fuel burnup.

To account for variations in core power level under the condition in which the

pcwer has been maintained for sufficient time to allow the characteristic

fission preduct to reach equilibrium requires only a simple power.ratio.

Within the accuracy of the subject procedure it is established that a time

pericd of 4 half lives is sufficient to achieve equilibrium conditicns. For

those pcwer histories in which ecuilibrium conditions do not exist a transient

analytical ccrrection is provided in the procedure, Derivation of the

transient correction equation is provided in Appendix B.1.

Implementaticn of the subject procedure under post accident cenditicns :
necessitates simplification of data analysis whenever possible. Tnis can be

achieved thrcuch appgropriate selection of the characteristic fission srecducss

as described in Section 3.1 thereby avoiding the need for use of the transient
pcwer correcticn equation. The characteristic fission products are divided

into two groups based upcn their respective half lives. Under those --
cenditions in which core pcwer level has been maintained constant for a period
of time greater than 4 days but less than 30 days then the Fission prcducts in

Group 2 should be employed for anziysis. Under those conditions in which the

3-18




core power level has been maintaired ccnstant for 2 time rpericd greater than
30 days then the fission products in Group 1 shouid e employed for aralysis.
Proper selection of the Tission product Greoup resulss in eguilibrium

inventcries which do not require the transient analytical correction. .

Selection of the appropriate fission product group requires a cdetermination of
the period of constant core pcwer. HWithin the accuracy o7 the subject proce-
cdure, the acceptance criteria for ccnstant power is a variation of =10 percent
frcm the time averace valve.

The final analytical corrections which must be made to the Tissicn prccucs

release determirnation are the correction of the samnle measured vaiue %0

-1,

acccunt for decay frcm the time the sample was analyzed back to the time o
reactor shutdcwn and the correction for the difference between the temperaiure
and pressure of the anaiyzed sample and that of the Ffluid grior to removal

-

frem containment.

The Post Accident Sarmpiing System locations for liquid and casecus samples are

anticipated to be difierent For each plant. To cbtain the most accuyrate

—

assessment of core damage, it is necessary to sample 2nd 2nalyze radicnuclicey -

frcm at least the principal lccations which include the reactor coolant
system, the containment buiiding sump, and the containment building
atmosphere. Other samples may be taken depencent upon system capabilities.
The measured specific activity of each sample is relatad to the total quantity
at each sample locaticn. The sum oi these cuantities is then considerec to be

the total quantity available {or reiease to the environment. Typically
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several hours are reauired to recirculate, obtain, and analyze a sample frem ™
each location. Therefore, the sample location to be used during the initial

phase ¢¥ an accident shculd be selected based on the type of accident in

progress. Knowledge'of a specific accident scenario is not required. The

initial sample location can be selected based upon known pressure, temperature

and level indications cbtained from the plant control room. A list of the
apprepriate initial sample location is provided in Table 3-6 for various

accidents should the scenario be kncwn and 7or various plant conditions shculd

the scenario be unkncwn,

The measured values cbtained frcem the Post Accident Sampling System are

exprassed as the specivic activity of the sample fluid. To cbtain the total

(1]

quantity of the fission prcducts at each location it is required to kncw th

rem ’:)

“h

quantity of sample fluid at that location. This information is cbtained
the controi rocm and includes the reactor ccolant system pressurizer and

reactor vessel ievels, the reactor ccolant pressure and temperature, the

ccntainment building sump level, and the containment building pressure and
terperature. This is the same information which is used to select the initial

sarmple locaticn.
3.4 GEMERAL CONSICERATICNS Cif THE LIMITATIONS OF THE PROCEZDURE

Considering that iceal ccndit{ons will not exisi.the subject procedure is

based upcn the measurement of as @many parameters as possible. The core damage
assessment procedure is anticipated to yield a combirnation o7 categories which

may exist at the time a given szmple is taken. :Individual measurerents may -

appear to be contradictory. The user is required to exercise knowledgeable

)
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judcement in the intergcretaticn of the limitaticns of the procecures
capability to evaiuate 2 civen piece of information. There are numerous

sources of error in the intarpretation of such information including .the

determination oF fissicn product inventory, the models for fission prccducse
transport out o7 the ccre, the system capability to obtain representative

samples, and the system capability to analyze the samples,

ra
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ACCIDENT SCENARIO
KHOWH

Small Break LOCA,
fleactor Power >1%

éma]l Break LOCA,
Reactor Power <1%

Small Steam Line Break

Large Break LQCA,
Reactor Power >1%

Large Break LOCA,
Reactor Power <1¥

Large Steam Line Break

Steam Generator Tube
Rupture

5

®

TABLE 3-6
SAUPLE LOCATIONS APPROPRIATE FOR CORE ODAMAGE ASSESSMENT

SHUTDOWN STEAN

RCS RCS CONTATIMENT CONTATHMENT COoOLING GENERATOR
HOT LEG PRESSURIZER .o shp ATHOSPHERE SYSTEHM SECOHDARY

Yes Yes - Yes Yes -

Yes Yes --- . ——— Yes _——

Yes Yes ~—— - ——— -

Yes --- Yes Yes Yes ——

--- --- Yes Yes Yes -—-

Yes -—- - Yes -—— ———

Yes --- --- Yes ~—- Yes

I
N, -
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TABLE 3-6 (Cont.)
SAMPLE LOCATIONS APFROPRIAIE FOR CORE DAMAGE ASSESSMENT

: SHUTDOWH STEAM
ACCIDENT SCCHARIO RCS RCS CONTATNMENT CONTATHMENT COOL THG GENERATOR
tknRouN HOT LEG PRESSURIZER SUHP ATHOSPHERE _SYSTEN SECONDARY
SIS Actuated Yes Yes ——— —— Yes -

Alarm on Containment \
Building Radiation :
Monitor = am- Yes Yes ——— ———

Alara on CVCS Letdown
Radiation Monitor Yes . Yos —— —— _— ——_——

Alarm on Containment
Building Sump Level -t- ~-- Yes - Yes ——- _—




-
.

The interim grocecure is based on the comparison between measured sample daza ,'“j
obtained uncer post accident conditions and analytically cetermired values for
.scurce inveatory at the éime of the accident. Therefore, the principal

consicderation is the model of the cicracteristic fission prcducts in the juel

prior to cladding rupture. The two significant factors are the fuel power

history and the power density. The fuel pcwer history determines the fission

precduct inventory in the fuel pellet. The power density determines the

fission prcduct migraticn behavior within the fuel.

Calculaticns of the fuel pellet inventory under the ecuilibrium ncrmal
ocerating conditicns using the GRICGZi computer coce yield reliable data.
Parametric evaluaticns o7 the acceptance criteria for determining i7 the pcwer

he

ct

histcry satisTies equilibrium conditions based ugon the half life of
characzeristic fission prcduct are accurate to within 10 percent. Therefore, j)
this technique }s censistent with the intended purgcse.

Calculations of the gas gap inventory is less reliable. Fission preduct

migration to the gas gap is dependent upon local power density, fuel burnup,

fuel rod temperature gracdient, and chemical reaction with other fissicn

products or with the cladding. The gas gap inventory can difier greatly among..

the indivicdual fuel rods in the core. Therefore the procedure dces not

attempt to predict a speciiic number oF fuel rod failures but ccmpares the

cuantity of fission products released against the entire core gas gap

inventory. The core average gas Gap invertory can be calculated with greater

reliebility.

3-24







\

. reactions may take placz in the lonc sample lines.

A number of other vaciers influence the reliazbility of the chemisiry samsies
upcen which the prccacdure is basad. Reliability is influenced by the abilizy
to cbtain representative sampies due to inccmpleze mixing of the fissicn .
prcducts in the large liquid and gas volumes, equipment limitations, ana lack
of operator femiliarity with rarely used procedures. The accuracy achieved in
the radiolcgic2l analyses are aiso influenced by a number of factors. The
equipment erployed in the analysis may be subjected to high levels of
radiaticn exgosure over extencded periods of time. Chemists are required o

Vv

exercise consicerable cauticn to minimize the spread of radicactive materials.

-1,
or
0
N
>3

[te}
O
Q)
=}
(1)
1

Samcles have the sciantial ¢ ninated by numerous scurcas and may

not result frem 3 uniforn di§:ribu:icn of the sample 7luid. Ccoiing or
Thereiore, the resulis
obtained may not be representative of plant ccnditicns., To minimize these
efiects multiple sample anaiysis over an extended time rpericd is emgloyed.
Additicnaliy, upon compieticn of the seccnd phase of this task, procecures
will be available to assess core damace using the balance ef piént incications
which include core exit temperatures, the quantity of nydrcgen released frem
zircenium degradaticn, and containment radiaticn monitors.

As a result of these ccrsiceraticns, the assessment of core camage is only an’
estimate. The techniques empioyed in this procadure are only accurate to
locate the core cendition within one cr more o7 the ten categories of core
damage characterized in Table 3-1. Hcwewer, this is sufficient accuracy to
allew plant cgerators to make informed decisions under post accident plant

cernditions.
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SSMENT USING HYDRCGE!

This section discusses the sources of hydrcgen gas during severe accidents,
the amcunt of hydrccen predicted in the coolant and containment and the
relation between the measured amounts and the core damage. There are multiple
scurces of hydrogen during severe accidents, including oxidation of zirconium
in the core, oxidation of various containment materials and radiolytic
deccwmposition of water. The discussion evaluates each of these sources and
presents methods for determination of the amount of hydrcgen which is

generated by core oxication.

The amount of hydrocen generated is related to the category of core camage
through analyses of selected accident scenarios. The analyses predict the
procression of core heatup and oxidaticn throughout the ccre during core ‘
uncovery accidents. It is shcwn that the amount of lccal oxidatica i3 reletec
to the local temperature and therefore to the time of clad rupture. Also,

when the amount of local oxidation exceeds the oxidation threshoid fcr clad
embrittiement, clad fragmentation cccurs, By sunming the local oxication
throuchout the ccre, the total core oxidation and hydrogen generation is
obtaired. This total is related to the type and amount of clad damage and

therefore to the ten categories of damage.

Clad damage determined vrom hydrogen is expressed in two ways - as the numbar
of fuel rcds which are ruptured and as the number which exceed the oxidation

embrittlement threshoid. The numser of rods with ruptured clad places the







damage estimate in one of categories 2 throuch 4 of Table &-1, which is the
equivalent of Table 3-1 for radiological characteristics. The number of reds
erbrittled represents the number which structurally fail and which releass
fuel pellets into the coolant. The analyses indicate that the oxidation
embrittlement threshold is reached at about the same time as the clad melt
temperature of 3350°F, placing embrittled rods in the equivalent categories 5
thrcugh 7 for fuel pellet overheatjng. The measurement of hydrogen is not
utilized to place the damage in categories 8 thrcugh 10 for pellet rmelt
because definitive relationships are not available between the amcunt of

hydrccen produced and such severe core degradation.

The placement of a given measurement of hydrogen gererated into a sgpecific
darmage catecory is dependent on the scenarios analyzed to relate damage to
oxidatien. Selection of base conditicns for analysis is discussed in tke
following section.

5.1 BASZS FOR SZLECTION OF HYDRCGEM TO ASSESS CORE DAMAGE

m

Hydrogen is prcduced in the core by the oxidaticn of zirconium in the Tuel

cladding and other fuel assembly ccmponents according to the reaction:

2 8.0 + Zr - 2r0

Ha 2 * 2 H

4-2
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Table 4-1

Clad Damage Characteristics of HRC Cateqories of Fuel Damage

HRC Category Temperature lechanism Characteristic Heasurement- Percent of
of Fuel Damage Range (°F) of Mmge Measurement Range Damage Rods
1. o Fuel Damage 750 Hone ‘ -~ -- Less Than 1
2. Initial Cladding n Rupture Due to Maximum Core <1550°F* Less Than 10
Failure Gas Gap Exit
3. Intermediate >’1200-1800 0verbrcssurization Thermocouple <1700°F* 10 to 50
Cladding Failure Temperature
4. Major Cladding £2300°F
Failure | <2% Greater Than 50
. Oxidation
5. Initial Fuel Pellet Loss of Structural Amount of Equivalent Core Less Than 10
Overheating ‘ Integrity Due to llydrogen Gas Oxidation
. :> . Fuel Clad Produced <37
6. Intermediate 1800-3350  Oxidation (Equivalent to <18%
fuel Pellet 1 Oxidation
Overheating ] of Core)
7. HMajor Fuel Pellet 265% Greater Than 50

Overheating

1
]

* Depends on Reactor Pressufﬁ and Fuel Burnup. Values Given for Pressure <1200 psia and Burnup >0.
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This reaction always exists in the presence of water, but at normal operating 'j)
temgeratures the rate of reaction is very small. Hydrogen is also generated
radiolytically and the amount usually in the primary system masks the hydrcgen
generated by the oxidation of zirccnium, so that clad oxidation is not

normally discernible by measurement of the hydrogen concentration. Typically,

the equivalent normal oxide thickness accumulated on the cladding over the

entire 1ife of the fuel is about 0.0004 inch or 1.5% of the original clad

thickness.

The normal maximum temperature reached at the clad surface is limited 0 a fow
cegrees ezbove the saturation temperature by nucleate boiling. At 2230 psia,

and the typiczl peak heat flux, the Jens-lLottes correiaticn predicic maximum

surface temperatures of about 6 cegrees above the saturaticn temcerature of

653°F. Two abnormal situations may be hypothesized which cause higrer ﬂ ] ”j)
temperature and hicher clad oxidation: 1) Departure from Nucleate 8o0iling

(D}8) might occur while the core is covered with coolant; and 2) the core may

uncover and heat up beczuse the resulting steam cooling is inadequate.

In the first situation, DN8 may occur during transients which are initiated

from outside the Limiting Conditions for Operation (LCO), transients for which --
rmultiple failures occur, or transients for which deviations from the

assumpticns in the Reactor Protection System setpcints occur. A summary of
event types which can result in BiB is included in Reference 7-7. O0il8 is
lccalized and is expected to e of short duration. Temperatures are below

about 11CO°F and the total hydrcgen generated by oxication is %cc small to be

coserved. A detailed discussion of fuel recd behavior curing CiB is given by
6)
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Reterance 7-8. The PASS is not intenced for assessment oY damace causad by
such events, except that if clad rupture shculd aczzmcany DNS, &n increase in

coolant activity might be observable.

The second situaticn which can cause high clad temperature is the main subjec:
of this section. In this situation, the reacter is tripped and pewer is from
fission product decay only. The fuel is adecuately cooled as long as the core
is covered with fluid, even without primary ccolant pump flow. In order to
uncover the tcp of the éore, over 7G% of the primary coolant mass must be
lost. This can occur cnly with the category of events kncwn as Loss of
Ccolant Accidents (LCCA). These avents are divided among three grouos:

large braaks, small breaxs, and ccmplete loss of heat sink.

Larce breaks are characterized by very rapid blcwdcwn o conteinment prascura,

resulting in “total core unccvery, follcwed by rapid rerlood by the Safety

Injection Tank (SIT) flow, and continuation of heat removal by HPS{ and L?S]
flecws. If reflood dces not occur the core will heat up adiabaticaiiy. I¥
reflood does occur, but continued ccoling flcw does not occur, the cooiant
progressively boils off and unccvers the core again, similar to boilo¥¥ during

a small break, but at a lcwer pressure.

Small breaks are characterized by rapid blowdcwn to saturation pressure at the
temperature of the seccndary side of the steam generators. This is followed
by continuad reactor coolant flcw cut of the break and by decrea2sing pressure.
Both are derendent on brezk size. If more than 70% of the ccoﬂant is losz,

the top of the ccre uncovers. Qesign functicning of the HPSI purps and, if

4-5
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pressure falls lcw encugh, oF refloed by the SiT, would recover or prevent "j
uncovery of the core. In the unlikely event that they do not function, the

ccolant boils off and the core progressively uncovers. Extensive discussion

of various small break scenarios is given in CEN-1134 and CEN-115, prepared Jor

the CE0G (References 7-9 and 7-10).

A ccmplete loss of heat sink results -in heat up of the primary system, with
consequent pressure increase until the Power Operated Relief Yalve (PORY)
and/or safety valves on the pressurizer ogen, releasing primary ccolant,
Thereafter, the scenario is similar to a small break, excert that core_
uncovery cccurs at a much hicher pressure. The accicent at TMi-Z was

essentially the same as this scenario, combirned with the effects oi varicus

operator actions.

The preceding discussion touches on the variety of conditions which might
acccmpany core uncovery and the consacuent heatup and core damace.
Essentially all these conditicns are more severe than those calculated for

Cesign Basis Accidents and apprcach the conditic-s called Pegraded Core.

Substantial ecuipment malfunctions and operator errors are required to achiave
these conditions. In orcer to estzblish a prccedure for damace assessment, --
one set of core conditicns is selectad as a basis for quantifying the
relationship between the amcunt of hydrcgen generated and the core damage.

Other possible scenarios are evaluatad qualitatively relative to this base.
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As stated previocusly, the core is adequataly cscisd Sfollicwing reactor Irip as

[ 3]

lorng as the core is covéred. Theretore, the Sase ccre corditiens for evalua-
tion of damage are independent of that portion oF the scznario which precaces
core unccvery. All scerarios leading to damage disier mostly in the rate of '
core uncovery. For a small break, the core unccvers by boiloff and possibly
the’effec:s of misoperation of primary pumps. For larger breaks, the core
uncoveré by blcwdown. Since the most general situation to occur is that

equivalent to boilof?, the following assumptions are made for the base

conditions:
1) The core unccvers by boiloff at constant pressure.

" 2) After boiloff down to a given cocolant level beicw the tcp of the fueil,

the event is terminated by rapid, ccmplete core recsvery, with relasiveiy
little additional clad oxidaticn after the minimum level is atilines.

3) The prccacure Jor estimating core demace is implemented after ccre
recovery. The time it takes to cbtain and evaluate the PASS sampiés is
long ccmpared to the likely duraticn of core unccvery. ilevertheless, the
procedure may be usad with hydrogen samples obtained earlier. Hewever,

these earlier samples would prcbably provide a lcower limit estimate of

current core damace, since the hydrccen contained within the voidad

primary system would not te sampled.




f the progressicn of core unccvery differs irom these assumed ccnditicns,
then the amount of core damace inferred frcm a given measurement of hydrogen
may be biased, decending cn the uncovery rate. Two examples are:

S\
lf' A large break LCCA may cause rapid total core uncovery followed by almost
adiabatic heatup of the uncovered core. In the absence of steam to
oxidize the zirccnium, hydrogen generation is limited, but fuel overheat
ard melting occurs if cooling is not restored. A subsequent measurement

of hydrscen yieldé an underprediction of core damage for this case.

2) A small break LCCA uncovers ‘more slowly when some liquid enters the
reacter vessel frcm the Emercency Core Ccoling Eystam (ECCS) or frem
runback of ccndensed steam via the hot legs. The hydrogen is generated
by mcre extensive oxication along a smaller length of fuel clad near
the tep o the core. A measurement of total hydrogen generation

underestimates the extent of local oxidation on the damaged recs.

The base conditicns selected for analysis to prepare this damage assessment
nrocedure are boilo?{ withcut inlet flow. For a measured total amcunt of cere
oxidation, the base conditions yield & lower limit estimate of the number of
damaged fuel rods. Later sections of this presentat%on qualitatively relate
the results of other scenarios to the ﬁ}drogen generated during boiloff and
indicate what additional instrument indications may be utilized. In
cenclusion, the use of hydrcgen provides a gcod indication of damace for

boiloff conditions and a lcwer limit indication for other scenarios.

»
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3.2 PRECICTION OF FUZL CLAD EMBRITTLEMENT SASZZ CM HYCRCGEN PRCOUCTION

In this section, the relationship is established Setween measured hydrcgen and
core damage for the base case condition of toiloff 2t ccnstant pressure. '
Simplified analyses are used to demonstrats the relations among the parametars
and the applicability of the‘analyses to all C-E designed reactors. Most
previous analyses of ccre uncovery were done for specifiad Pasign 3asis
Events with an NRC approved Evaluation Mcdel to verify that the limits of
10CFRS0.36 are satisiied. Those regulatcry design bases limits are a peak
clad temperature of 22C00°F, maximum local clad oxidation of 17% and total ccre
oxidation of 1%. These limits and the capability ofF the analytical mocels are
inacdequate for prediction of the severe core ccnditicns for which the PASS is
designéd. Hence, the relationships among clad demace, hydrogen generaticn and
other parameters are obtained with new analyses. They are less detailed, lass
rigid analytical mocels intended to give most prchbable or test estimate

resuits with more severe core conditions. The results are ccnsicderaed acdecues2

for the scocpe of damage assessment needed during an accident in prograss.

A detailed analysis of these “decraded core” conditions would require stata-o
the-ar% ccmputer codes which properly medel all the interactive physical
phencmena. Such analyses are beyond the scope of efiort for preparaticn of
the dahage assessment procedures pro&ided herein. The analyses espioyed in
the development of this preccedure are suificient to provide a basis of decision
for implementation of the site emergency action nlan. A few detailed analyses
are included herein as a qualitative overcheck cn the ceneral bredjctions of

the simplified analysas which are the bases for the damagce assessment procecure,

4-9
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4.2.1 Hvdrocen Generation Correlation

The fission prcduct decay power produced in the exposed length of core above
the “w-phase level is partially removed by the flowing steam cenerated by the -
covered length of core. As the core uncovers, less steam is generated and at
the same time a longer length of fuel is exposed requiring cooling.
Consequently, the temperature of the exposed fuel rises as the core uncovers

until it is high enough to cause significant oxidation heating.

As the fuel clad temperature rises the zirconium oxidation rate increases.
The oxidation reacticn is exothermic, and the ccmbinaticn of poor ccoling,
fission prcduct decay pcwer and an exothermic reaction causes an acceleratic:
in the fuel rate of temperature rise as temperature increases. Hydrcgen

-

gereration is therefore significant in the predictions of the rate of damace. ,%)
Essentially every calculation of clad oxidation performed with LOCA analyses
at C-¢ is done using the Baker-Just correlation, which is the 2pproved methed

in the licensing evaluaticn model.. It is based upon limized eariy experimentzal

data and is deliberately biased to assure conservatively high predictions of
clad oxidaticn at temperatures up to 2200°F. Oxidation rate data which are
currently available with steady state and transient temperatures are reviewed B
in Reference 7-11. It is concluced that the Baker-Just equation yields
substantially higher oxicaticn than actual at steady state, and still higher
wnen ccmp:red with transient experimental data. Based on the steady data

available, the referencad author Ocken, reccrmends a correlation to renlace

Baker-Jdust.
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Ccnsicderabie uncartzinty remains, even in the Qcksn cerrelation, because the
experimental data do not represent reacicr crerziinc and accident conditions.
A pressure ennancement effect, for example, is reported which increases the
oxidaticn rate at high pressures tor temperatures up to 2C0Q°F. Also, ramp
heating experiments yield lcwer oxidation than transient calculations which
utilize correlations derived frcm steady state oxication datia. For PWR tyre
transients and linear ramps, the experimentally measured oxidaticn may be 363

to 65% less than the equivalent calculated oxidaticn.

A cermparison o7 the parcaent of ecuivalent clad thickness oxidized as a
functicn of time is given in Ficyre ¢-1 for the B8zker-cust and the Ccken
correiaticns. The criginal clad thickness is a typicai vaiue of 0.025 inch.
At temperatures above about 2020°F, the Ccken correlation precicis pro-
gressiveiy smalier cxidaticn. For example, when the clad tamoerziure reaches

2SCO°F during & linear ramp temperature rise, gakar-Just precic:s =63 mcre

oxidaticn than Ccxken, B}

Recall that the objective here is to relate the PASS measursment o7 the total
amcunt of hydrccen generated thrcuchout the ccurse of an accident o an

»

assessment of core damage. The amount of cxidation calculated at any instant_
is not so important as the relative distribution of oxidaticn amcynts cn
cladding throuchout the core because the tatal amount is available by the
measurement o7 hydrogen. That relative distribution, for a given total
arount, has less calculational uncertaiﬁty than the local value as a function
o7 time. Also, the intent is to provide a realistic assessment t0 sarve as a
basis {or emercency plan acticns rather than 2 tesis for plant design and

licensing. The 3aker-Just equation as discussed 2bove is more approcpriate for
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the conservative design and licensing activities. Therefore this procedure

i’ for damace assessment utilizes hydrogen measurements based upcn the Ocken

values of parametars in the usual equaticn for clad oxicdation:

Equivalent zirconium mass oxidized ger unit area

kS
>
o
<
©
=
"

3.33 x 10s (mg Zr/cmz)z/sec
= 140.6 (kJ/mol)

T
~
"

B8

T = Temperature (°k)

R = 1.687 cal/mol-°%

T

t = Time at temperature 7 (sec.)

The oxidation predicted by the previcus ecuaticn can be expressed as a

i percentage o7 the original claa thickress. In English unics the equivalent

oxidacicn thickness is

~ R,
nn=s ¥o = &E85/1
X = 0,883 —— @
Y

where: x = Percant oxidaticn of clad thickness
ar = Clad thickness (f:.)
T = Temperature (°R)
t = Time at temperature (sec.)

PEa







Oxidation c¥ Zfrcaloy causes embrittliement such that fracthre may occur ugon A
reflood and quench. The amount of oxidation in the above equation is | —‘)
expressed as the equivalent thickness of clad that would be converted to oxide

if all the oxycen absorbed and reaczz. with the clad were ccnverted to

stoichicmetric zirconium dioxide. As seen previously, the oxidation rate is

strongly decendent on temperature. Test data (Reference 7-12) for specimens

slowly ccoled to 1520°F and then quenched, indicate the best estimate amount

of oxidatiocn to cause embrittlement is 28% for oxidation at about 2600°F and

greater than 28% at lower temperatures. Below about 1800°F data indicate

essentially no erbrittlement for times up to S5 hours. These data are

summarized as follcows:

Time at Temperature

Temperature (°F) Recuired to Embrittle (Sec.) r
1880 10,CC0 ”)
2060 2,0C0
22430 ” ' 700
2420 2C0
2€00 20

When the clad is rapidly quenched all the way from the oxidation temperature, ..
embrittlement occurs at 20% equivalent oxidaticn for temperatures above 25C0O°F
and at higher values for lcwer temperaturaes. For the analyses here, the value

cf 20% is selected as the equivalent oxidaticn required to embrittie the clad.




-
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The HRC catacories of Fuel damage are characterizec in Table 4-1 accerdin
the extent of fuel clad embrittlement d&e to oxicaticn. The correlation
develcped by Ocken is empicyed to relate the equivalant mass of zirccnium in
the fuel rods which has been oxidized per unit surfice area to the temperature
of the clad surface and the time at that temperature. Hcwever, the core
damage assessment prccecure is based upcn a measurement of the quantity of
hydrogen produced during the accident. The quantity of hydrogen produced in
the fuel by the oxidation of the zirconium fcund in the cladding and other
assembly ccmponents is assumed to te stoichicmetric according to the chemicel
reacticn discussaed in Secticn 3.1, Using this chemical rezcticn and the xncwn

values 7or the plant sgecivic guantity of zircen

-

Se 7ound in the ccre,

-
ct
(9]

U

Lo
[AS]

the quantities of nydrccen sncwn in Table 4-2 are caiculated as a functicen of
the percent of total oxicaticn assumed. The gurgcse of this tabie is to
demcnstirate the significance of the quantity of hycrocen prccuced in degracsg
ccre accidents. The subject procecure is incecencgent o7 accicent sceﬁario znd
thererore degraded core events are postuizted in which substantial frac:icas
of the total inventory of zirccnium is oxidized. B8ecause the reaction is
assumed to be stoichicmetric the quantity of hydrccen prcduced is linear with
the percent of zirccnium oxidized. Therefore a single plant sgeciiic value is
employed rom Taeble 4-2.to relate the quantity o7 hydregen prccucad to ithe
percent of zirccnium oxidized. That value is the quantity of hydrogen
prcéuced per percent of zirccnium oxidized listed in the Tirst column of the

table. .
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TrBLE d-2
‘ QUANTITY QF HYDROGEZH RESULTING FRCM OXIDATICH OF ZIRCCHIUM I THE CCRE

(FT3 AT s7P)

. .- -

PERCENT OF
ZIRCCHIUM OXIDIZED 1% 10% 0% 1C0%

Calvert Cliffs

Units 1 & 2 4.23 x 100 4.23 x 10°  2.11 x 10° .23 x
Palo VYerde Nuclear
GCenerating Station 5.65 x 103 5.55 x 104 2.83 z 10° 5.85 x
. , o 3 4 5 « -
< st. Lucie Unit 1 4.21 x 10 .21 x 104 2.1 x 10° 821 x
o 3 \ 4 i 5 .
St. Lucie Unit 2 4.64 x 10 4,64 x 10 2.22 x 10 4.64 x
SONGS Units 2 & 3 5.07 x 10°  5.07 x 10 2.53 x 10°  5.07 x
5 PR B 4 5 i
PPSS 5.65 x 10 5.65 x 10°  2.83x 10°  5.65 x
waterford Unit 3 5.0¢ x 10°  5.04 x 107 " 2.52 x 10°  5.04 x

w
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4,2.2 Analvsis ¢f Ccolant Level Droo

The rate o7 level drcp and the lcwest level attzined by the two-phase ccolant
in the core are the most sicnificant parzmeters in deta2rmining the core hea:uo
and subseguent cxidation o7 the fuel clad. It is shcwn in this secticen that
the coolant level can be predicted as a function of time for the case of
boiloff with no inlet flew. It is further shcwn that ncrmalized resulss of

this analysis are applicable to all C-£ reactors.,

After reacisr tri 2, the core is acequately cccled to prevent oxicaticn until
the level drccs telew the tcp o7 the active fuel., With the core just coverec

at steacy state, the 7ission prccuct decay pcwer is equai o the sum of the

‘.

ncwer to raise any iniet water to saturation plus the gcwer to vaccrize licu
to saturazed steam. The amount oF core inlet {lcw requirsg to mainilin 2
covered ccre-is depencent cn the decay power level, the pressure, enc ine
inlet tempefature. Ficura 4-2 gives the requireg flcw rate IS Xee2 the core
covered as a functicn of cdeczy time, over a rance of concitions icr the C-t

designed reactors.

The bas1s for the clad damage asses-uent procedure which pcstulates cegraced
core conditicns assumes zero inlet ccoling flew. This is 2cuivalent to the
unlikely events of incperable E£CCS and charging flcw or the loss of all
feedwater with a ccnsequent high primary pressure above the HPSI shutoff head.
Until the core unccvers, all decay power cces to hezting and vagorizing
rezctor ccolant. 'When the coolant level drops below the tcp of the active

K}

fuel, the gorzicn of the ac:iive fuel balew the ccolant level is &deguately
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ccoled while generating saturated steam. The fuel above the ccolant levei
heats up and suparheats the steam. Figure 4-3 is a schematic of the core and
dewnccmer regicns within the vessel shewing the mancmetar effect as the core |
boils ofF. Steam formation in the covered portion of the core swells the
volume of core ccolant, producing a higher effective ccoling level than would
otherwise exist 7or the same mass of water with the vessel, and a higher level

in the core than in the downccrer.

The time variaticn of level is obtained frcm a heat and mass balance cn the
covered length, 2, of the active Tuel length, L, as follcws. An iniet Flcw is

included for analytical ccmpleteness and later ccmparisons. A heat balancs cn

. the ligquid in the core is:

Cecay pcwer beicw Pover to vaporize Pcwer o hea:
two-pnase level = licuid + subccoied inlet

to saturaticn

o 2(8) .
Po O =—¢= = Js(“)Hfg * Wi (e - Hin)
yielding:
P DH z(t)/L - Y. (H. - H.)
u (t) = 2 _in ¥ -, (4-1)

ﬂfg

A mass Salance c¢n the fluié in the vessel is:
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Rate of change of Inlet mass Steam exit

liquid mass in = .  flow rate - flow rate
vessel CT .
dz _ TR
oA 5% = Wiy - Hg(t)

Ccmbining these egquations yields:

dr . Po OH My (Hep + He - Hy o)
at T cnbnga © 2= omi -
‘g S
The soluticn for initial conditions 2(o) = L is:
- - v - 4
2.(.) = K (1 - e t/a\l) + e t/!'\l (.:-2)
L 2
W. (Ho + H,-H,)
. . in ‘"faq £ in
where: K2 ~—H -
0
oALHfo -
K17 v '

P = Operating power (8/hr)
DH = Decay heat fraction, assumed constant
W, = Inlet flew rate (1tm/hr)

He = Saturated liquid enthalpy (3/1bm)
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= Latent heat of vaporizaticn (3/1tm) -T)
= Subcooled iniet enthalpy (8/1bm)
p = Liquid density (8/1tm)>

A = Cross sectional area of ccolant in core and dcwnccrmer (f:z)

Level in corer (ft) at tirme t

o
-~
ct
S
[

t = Time frcm start of uncovery (hr)

—
"

Active core height (ft)

When the inlet flcw rate, win, is zero, the constant K2 is zero. Eguaticn
(4-2) indicates that the fractional level, 2/L, is then decencent on only the
dimensionless razio t/Kl. Fer 211’ C-E designea reactors the velue of Kl is
within =% of the averace value. Hence, when the core uncovers by boilof{ the
Iévei, as a fraction of core height, varies with time in the same way For all

C-2 designed reacicrs. j)

%hen the ccre is covered, the totazl cecay power is ccnverted to steam and the
rate o7 level drcp is fast. YWhen the core is partially covered, cnly the
covered length o7 fuel prccuces steam and the rate of levei drcp is slcwer.
The fraction of the core uncovered (not the lencth in feet) at any time after
the start of core uncovery is nearly the same for all the plants, at a given
decay heat fraction or decay time. Hence, a longer core uncovers S longer
lencth of fuel in a given time. This does not necessarily mean higher
temperatures in the uncovered portion, since the covered portion is also

a4

longer and procuces a larger steanm flew rate to ccal the uncovered Tvngth.

¥ Two-phase swell of the level in the core is neglected, resulting in a slower
then &ctual prediction of core level drop. (_j)
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.of axial pcwer distribution on the coolant level is consicdered a seccn

Some important assumptions in the derivations are physically sicnivicant. The
two-phase level within the core is uniform across the a2ntire core, independent
of fuel assembly pcwer. This same assumption is macde in the more detailed
cemputer ccces. t is equivalent to assuming scme cross-ilow and mixing of
liquid below the two-phase level frcm the lower power assemblies to the higher

pcwer assemblies to accormodate their higher vaporizaticn rate,

The axial power distribution is assumed uniform. Typical distributicns with
center peaks cause faster level drop for coolant levels ehove the elevaticn of

the axial peak because a greater fraction of the decay pewer is precuced bteicw

the two-nhase level. Peaked distributions would cause slcwer level drop for

. ccolant Tevels telow the elevation of the peak. It is shcwn later, thet
substantial core damage occurs only after the level has drccoed more than
halfway in the core. Hence, for the purpcses of damage assessment, the ev<sc:

O
-
0
[}]

3

efiect.

The censity of the two-phase Fluid in the core is less than the density of the
liquid in the dcwnccmer. 'when a given amount of liquid in the core is
vaporized, the ccre level drcps more than the dewnccrmer level. In the
analysis above, these density differences are ignored. Ccrseguently, the
analyses might predict a slcwer than actual rate of core uncovery. The
difference is dependent on the relative vapor/liquid density ratio and is

therefore smaller at hicher pressure. W%hile these differencas may affezt the

4-23

PR



level at any given instant, they are not cocnsidered sicnificant in the —Q) H

establishment of the reiationship between the amcunt cf core damace and the

amount of hydrogen generation. 3

Parameters for the 3@00 Mwt class are used for some examples of coolant level
drop as a function of time. Equation 4-2, with zero inlet flcw, is plotted in -
Figure 4-4, at 1200 psia and ¥or three values of decay pcwer. For 1% decay
power (2bout 2 hours decay time) and with no inlet flow, the 34C0 Mwt class
reactor uncovers S0% in 13 minutes. At 2% decay power (ebcut 23 min. decay
time) it takes half as long for 50% uncovery. Figure 4-5 shcws the level vs.
time at 1% decay power for three values of pressure, At 300 psia it takes 21
min. to uncover to 50% and at 2500 psia it takes 6 min. These resuits are
typical for all C-E designed reactors within a time scale variaticn of +125 10 P
-4%, which is the rance ot variation of the constant, Kl’ frcm the value for j)

]
the 34C0 Mwt class. This range of error is considered small enough to permit

definiticn of the extant of core damace within the ten categcries cefined in
Table 4-1.

®
6.2.3 Core Heatuo Analvses

The objective of the ccre heatup analyses is to predict the distribution of

clad temperature and clad cxidation during an event which uncovers the core.

The distribution of clad temperature is used to establish a relationship

hetween the maximum core exit thermcccuple temperature and the minimum number

of rods which have ruptured cdue to gas gap overpressurization.- This .

..)

relaticnship will be used in Section 5 as a basis for the use of core exit







@

.

COOLANT LEVEL, % OF CORE ACTIVE HEIGHT

100

80

60

40

20

FIGURE 44
COOLANT LEVEL vs TIME DURING BOILOFF
3400 MWT SERIES, 1200 PSIA

% DECAY POVER

~ — — \
1 i |
0 400 800 1200 1600 2000

TIME AFTER START OF CORE UNCOVERY, SEC

4-25




COOLANT LEVEL, % OF CORE ACTIVE HEIGHT

100

80

60

20

FIGURE 4.5
COOLANT LEVEL vs TIME DURING BOILOFF
3400 MWT SERIES, 1% DECAY POWER

300 PSIA

2800 PSIA

400 800 1200 16C0 2000
TIME AFTER START OF CORE UNCOVERY, SEC :

4-26







\

-

thermocccuple data to assess ccre damace. The clad oxidaticn distributicn is
used to establish a relaticnship between the measurement of hydrocen generztad
by the oxidation and the mininmum nurmber o7 rcds which have oxidized bevond the
embrittlement threshold. Fuel rcd structural integrity has been related to

oxidaticn embrittlement thrcuch the discussion in Secticn 4.2.1.

An analytical derivation is used which includes the dominant physical

phencmena to support the objective. This derivation is provided in

ccmputer code soluticn enables a convenient cemparison of the sicnificant

paramezars amcng all the C-2 reaczor cesicns. Detailed analyses on each

diffzrent core conviguraticn are c<hcwn 10 be unnecessary within the recuireg

[§4)

accuracy of the overall PASS damace assessment.procecures. As an overcheck cn
the analytical soiutions, scme anaiyses are done using the MAAP ccmputer ccoce,

Here are some anaiyticai resuits frcm the derivation in Apcendix 3.2,

The first resuit is that dec2y pcwer determines the rate of coolant level drso
when uncovery occurs by boilci7. Higher power causes faster levei drecp, as

shcwn previcusly by Figure ¢-4,

The seccad result is that cecay power determines the rate of temperature rise

with time. Figure ¢-5 shcws the peak clad tamperature as & function of time
after uncovery starts for three values of decay power. However, at a given
level, the temperatures are almost the same for a range of 1% to 3% decay

T

pcwer. This is shcwn in Figure 1-7. The fac: that temperatures at the lower
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MAXILUM TEMPERATURE, °F

FIGURE 4.6
MAXIMUM CORE TEMPERATURE vs TIME AFTER
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pcwer are slightly hicher is probably caused ty oxication heating. Greater
total reaction heat is added to the fuel rod cduring the loncer period of time

required to attain a given coolant levei :hen the power is lower,

The conclusion is that coolant level leaves less uncertainty than time in
determining the clad temperature for a given boiloff scenario. This
conclusion might differ if other factors (such as HPSI f]ow) cause the rate of
level drop to be less dependent on core power. A second conclusion is that
without inlet ccoling flcw, the time after uncovery to reach high temperature
is oniy minutes or a few tens o7 minutes. This seccnd concliusion was also
made evident in previous studies for the CE0G on the adeguacy of the core exit
thermccouples to provide an advance warning of the approach to inadequate ccre
cooling (Reverence 7-5). Ouring typical small break LOCA events it was shcwn
that the time interval is short from the first occurrence of steam superheat

until the clad ruptured or exceedad 22C0°F,

The amount of local oxicaticn is dependent on the magnitude of temperature anc
the lencth of time at temperature. For core uncovary by boiloff{, Figure 4-3

shcws the local clad oxidation as & function of time after uncovery starts,

for three values of decay pocwer. The oxidaticn rate is slcw initially, until’

the temperature rises above about 128C0°F. Thereafter, for a boi]o}f event,
the rate of oxidation increases extremely fast. Within a few minutes, local
oxication increases from a few percent to well beyond the embrittlement
threshold. Figure 4-9 shcws that this rapid increase in oxidation occurs when

the ccolant level has dropped to abcut 253,

j
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These calculaticns assume sufiicient steam prcducsicn telicw the coolant level
to oxidize the upger porticn of the fuel clad. More ccmprehensive calculations
succest that the steam may be ccmpletely consumed along the lcwer length of -
exgosed clad therety liniting the oxidation along the tcp of the rod. Fuel
will then heatup by decay power alone, with the clad and, later, the fuel

being destroyed by melting., It has been recorzed (Reference 7-14) that for
uncovery by boilofT the oxidation embrittlement of the clad will have already
occurred prior to the buildup of hydrccen sufficient to limit the oxidation
rate. Therefore, these calculations are adecuate for predicting the fraction
of fuel rods which have attained th; local clad embrittlement threshold but

not for predicting the axial distributicn or extent of oxidaticn along the

“lencth of a rod.

Axial flcw of steam and hydrogen tends to support the usual assumpticns of a
channel calculaticn which icnores ccolant ma§s‘interchange ameng adjacent
channels. Thereiore, the limiting effects of steam consumption and nydrcgen
generation on clad oxidaticn in a high pcwer channel would not significantly
affect the oxidaticn in adjacent charnels with lower radial peaks. This

validates the calculaticn of the radial distributicn of the rods in the core

"
-

which may at least fracment upcn quenching or later handling. A prediction of

the total damage contiguraticn requires additional moceling.

4,2.3 EfTects cf Radial Pcwer Distributicn

In the previous secticn it was discussed that dec2y pcwer detarmined the rates
of coolant level drep and peak clad temperature rise. The magnitude of

temperature and the time at temperature determines the amount of local
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oxicdaticn. This section provides the bases for the relationship between the
radial power distributicn and the amcunt of local oxidaticn. The relaticrshin
is given for several values of decay ¢ weg and g?ﬁé;a! values of prezsure.
During an initial core uncovery and grior to s&bstantial core structural
damage, the coolant level is uniform across the core. Steam flow rate tencs
to be higher in higher power regioﬁs or channels, thereby tending to reduce
the dependence of temperature on the radial pocwer distribution. As the
coolant level drops and the heat of reacticn increases, convection removes 2
smaller fraction of power and the rods with higher radial peaks increase
fastar in temperature, At any instant there js a distributicn in rcc
temperatures across the core 2bove the coolant level. I7 redloce 2nd core
ccoling shculd be acccmpiished at that time, there will resuit 2 racial

distribution of fuel rod ruptures and clad embrittlement avter core recovery,

A typical distribution of radial geaking factors is seiectad for steady cower
operation without CEA inserticn. Figure 4-10 shcws the cumulative fraction of
fuel rocds in the core with radial peaks above the value c¢iven on the abscissa.
The band of the curve enccmpasses the variations, from burnup only, throuchout
a fuel cycle of length 14,0C0 ¥wD/T Tor the sixth cycle 6f a 27C0 bwt core.
Five calculaticnal intervals of radial peaks are selected with cofresponding

percentages of the core as follews:
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rval Percentace of Core Caiculazion Peak

Radial Peak Inze
>1.3 5 1.4
1.1 - 1.3 22 1.2 5:
0.9 - 1.1 46 1.0
0.7 - 0.9 22 0.8 .
- <0.7 5 0.6

'

This distribution is considered a best estimate for reactor conditions which
would exist most oF the time. It is adequate for generic calculations which
sucport the prccedure for damage assessment and which are necessarily

seriormed prior to the cccurrence of an accident.

The peak clad temperature as a function of radial peak during toiloff is
plotted in Ficure &4-11 for various coolant levels or times. At time zero the
core is covered and the clad temperature is escentially uniform at saturation
temperature. As the core uncovers, the temperature of rods with higher radial
peaks increases faster than the temperature of lcwer peak rods. Ffor exampie,
when the core is half covered, the temperature is 1175°F on rods with a radial
peak of 1.4 and is 960°F on rods with a peak of 0.6. These temperatures would
increase proportionally cn 2ll rods, if a non-uniform axial distribution were -~

used.

The same calculations yield the local percentage oxidation of clad thickness
as a function of radial peak for various levels. Figure 4-12 shows that the
maximum local oxidation cn rods with 1.4 radial peak is 2% when the coolant

Tevel reaches 30%. On rods with a radial peak of 0.§5, the local oxidation is

D
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summing the local oxidaticn along the exposed clad length vor all the radial

cnly 1/8%. At a coolant level of 20%, the local oxidaticn rances Trcm 249% cn

high peak rcds to abcut ! 1/2% cn lcw peak rods. There is a wide variation in

oxidation at any instant and thereiore in the potantial for clad embrittie-
ment. By ccmparison with Figure 4-&, there is only 4 minutes diffarence
between these two coolant levels.

The conclusion is that once oxidation gets going, it prcceeds rapicdly, anc a2
any instant there are large variations in the maximum loc2l oxidaticn on h

fuel rods in the core.

The total hydrcgen released frem the core is determinea at eacn instant by

peaks. At the same instant, the numder of rods which have local oxication
greater than the erbrittlement threshold is determined. The results are

given on Figu;e 3-13, as the percent o7 the number o7 rods in the core which .
have at leas:t 20% local oxicdaticn as a functicn of the total percent_oxidation
of all the clad in the active core length. Calculations are made for three
values o7 deczy pcwer at 12C0 psia. The figure indicates a relatively larcge
increase in ﬁhe nurter of rods embrit:tled ccmpared to the increzse in total
core oxidation. Tﬁe ccarseness of the calculated valves limits the detailed
conclusicns which can be macde. Hecwever, it can be concluded that a large
fraction o7 the rods may te embrittled when a relatively small fracticn oF the

zircenium in the core clad is oxidized.

Figure 4-14 shcws, with the same ccordinates, the variations in embrittlement

and core oxidation when the pressure varies from 3G0 to 25C0 psia. The )

- ote
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FIGURE 4-13
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results are simiiar to those for variations in decay power, in that a

relatively small band encempasses a wide parameter rance.

A1l the results cbtained for the percent of the rods embrittled as a function
of percent total core oxidation are plotted on Figure 4-15, This figure
incluces the rance of 1% to 3% decay heat and the pressure range frcm 3060 to
25C0 psia. Given a PASS measurement of the amount of hydrocen released from
the core, expressed as a percentage of the core clad volume which is oxidized
to produce it, Figure 4-15 is utilized to estimate the gercent of the fuel
reds which micht fragment upen quench and/or later harndling. This figure is
inciucded in the procedure for damage assessment and is ccnsidered aéplicable

to all C-E designed reactors.
4.3 PREJICTION OF FUSL CLAD RUPTURE BASZD ON HYCRCGZN PRCCUCTION

Previcusly, hydrogen prcducticn was related to clad temperature and o the
radial distribution of clad temperatures in the core. In this secticn, the
criteria are develored which relate clad temperature to the occurrence of clad
rupture by overpressurization of the gas in the rod. Then the number of
ruptured rods is related to the amcunt of hydrogen produced. Thus, the
mezsurement oi the total hydrogen produced may be used to infer the number of

ruptured reds.

4.3.1  Clad Rfuoture Criteria

Fuel clad will balloon and rupture when the internal gas pressure is

sufficiently grezter than the external ccolant pressure. Clad temperature and
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duration at temperzture are significant parameters in cetermininc the rupture

pressure differsnzial. Normal values of these sarameters and values expec:ed
during typical corz uncovery events are discussed here. The temperature which
causes clad failure during such events is determined. That rupture
temperature is used in the prediction of"the number of ruptured rods by this

prcceaure.

C-£ fuel is prepressurized, at room temperature, to 380 psig with helium.
Increasing the temperature to normal operating ccnditions increases the
internai cas pressure to about 800 psia. The normal external ccoiant pressur?
is ebcut 14C0 psi higher than the minimum internal pressure. Accumulaticn of
fissicrn gas increases the internal pressure, but does not cause it to exceed
ccolant pressure at the end of fuel life. The fuel does not rupture during a
depressurization transient at normal temgeratures.

Typical calculaticns for Cesicn Basis small brezk LOCA events yield reactor
ccolant pressures below the seccndary pressure when the core uncovers.
Seccndary pressures may rance ircm abcut 830 to abcut 1100 psia cegending on
the plant. W“hen the fissicn gas pressure is acded to the helium gas pressure
at elevated accident temperature, the internal pressure exceedg reactor
ccolant presﬁure. Whether or not the clad ruptures depeﬁds on the particular
fuel rod burnup, on the event scénario and on the clad material properties.

2 survey of these factors and how they combine to determine if fuel rupt&res
is proviced by the CECG sponsored effort on Iracequate Core C&oiing

-

instrumentation and appears in CEZN-158 (Reference 7-3). Figure 4-1%

[
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surmarizes those cenclusions., It shows the local clad temperature at which
rupture will occur as a function of the clad differential pressure for a range
of the duration at temperature from 600 to 3600 sec. [t also shows the
temperature as a function of internal gas pressure for new fuel containing
only hetium fi11 gas. For example, at 15C0°F the intarnal pressure is 1450
psia in new fuel and increases with fuel 'burnup. When the coolantipressure is
11C0 psia or less the clad differential pressure is at least 350 psid. Ficure

4-16 shows that clad rupture will occur in less than 600 sec.

Core uncovery is also predicted for ccmplete loss of heat sink events where

the external ccolant pressure is higher than the internal gas pressure.

. Ccolant pressure is coverned by the primary satfety valve setting which exceecs

normal operating pressure. Clad rupture may occur later in uncovery or might
occur by brittle fracture upon clad stress reversal when rerlced and systzm

[

depressurizaticn occurs,

The conclusion is that for the most ceneral unccvery events clad rupture will
occur in the rance of clad temperature from 12C0°F to 1200°F. Three
temperatures, 12C0°F, 13C0°F and 18C0°F are selected for-later use in
evaluating the nurber of ruptured rods corresponding to meashrements of -
hydrogen and core exit temperature. This range of rupture temperature is cne
source o7 inaccuracy in the use of the subject procedure. Heowever, the
results are adequate to locate the the extent of core damage within the

defined categories characterized in Table 4-1.
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4.3.2 Effars 57 Racdial Power Dis+ribesicn

Clad rupture occurs at about 1200°F = 300°F for core toiloff events. Ruoture

occurs eariier than the occurrence of 20% local clad oxidation. A relation is
made between the number of rods which reach the rupture temperatu;e as a
function of the percent of the total core clad girccnium which is oxidized at
any instant. Even thcuch there is a wide variation in the rupture temperature
with time, burnup, clad pressure differential etc., the uncertainty in the
resultant relationship is prebably not significant. The temperature rise cn 2
rcd is relatively fast ccmparaed to the total co;e wide oxidation so the

ne zime

temperature rapidly rises thrcueh the range of rupture temperatures.

. at which this occurs varies with radial peak. Figure d4-11 yields the raciai

peak for which the clad temcerature exceeds 1SC0°F, at several times during
core unccvery.  This is compined with the core distribution of radial gez2ks in
Ficure $-10 and with the percent of the core clad oxidized at each tire.

Results are plottad in Ficure 4-i7 as the percent of the total numter o7 fuei

rods which are ruptured vs. the percent of the core clad zirconium oxidizea.

-

ne earliest possible indicaticn of clad rupture frem a measurement of

hydrogen depends on the sensitivity of the measurement. Typically, the - ..
mininum measurable ceoncentration in the containment a%mOSphere is 0.1% by’
volume. This ccncentration is-equivalent to a total amount of hydrogen which

is precduced by oxidation of abcut 0.5% of the core clad zirconium. Figure

4-17 shews that by the time 0.3% of the core clad is oxidized during boilofY,
berween 40% and 10C% of the rods are ruptured, -degencing ¢n wﬂether the

ructura temperature is 1E8C0°F or 1200°F resgpectively.

“ 4-‘17




% OF RODS WlTli PEAK CLAD TEMPERATURE

ABOVE RUPTURE TEIPERATURE

FIGURE 4-17
PERCENT OF FUEL:RODS ABOVE CLAD RUPTURE
TEMPERATURE vs CORE CLAD OXIDATION
3400 MWT SERIES, 1200 PSIA, 2% DECAY POWER

1200°F
100 _ »
7 T
80
1500°F
60} 1800°F
RUPTURE TEMPERATURE
soll.
201
0 1 . | | 1 )
0 0.5 1.0 1.5 2.0

% OXIDATION OF CORE CLAD VOLUME







®.

The conclusicn is that hydrcgen is not a sensitive parameter for assessment of
mail amounts of clad rupture. In fact the opposite is true. If any
indication of hydrogen is obtained from the containment atmosphere which is
attributable to core oxidation during a boiloff event, then a larce percentage
of the fuel rods are probably ruptured. Hydrogen measurement would be a
backup to the more sensitive indication of radiation frcm the fission cas

release frcm the ruptured fuel.
4.4 CCHNFIRMATICH OF ANALYTICAL PREDICTICH

In this section two methods are used to verify the previously statad
cenclusicn that the anaiytical results frcm the boiloeff ahalyses yield lcwer
limits estimates of Elad darmage Tor all scenarios and that the simpiified
analyses are acegquate for this damage assessment prccecdure. rnalvses of slcw

uncovery with inlet flow are presented in Section 4.4.1 ana are ccomdared to

the previcus anaiyses oi uncovery without inlet flcw.

Analyses with a state-o7-the-art cemputer code are presented in Section 4.4.2.
Pesults are given for ccre uncovery by blcwdown and by boiloff. The rapid
blowdown results support the conclusion that the procedure yields lcw limit ”

.

estimates of clad damace for such accident scenarios. The boiloi{ computer

results are ccmpared to previous analytical results to verify the

applicability of the simplified analyses.

wie »




4.5.1 Ccmoarisons 0 Predicticns with Sicw Uncovery

This section provides a ccmparison between the cases of boiloff with and
without inlet flow. Because of the potential variability of inlet ficw during
an accident, it is necessary to xncw how the damage prediction is affecsad.
Inlet flcw causes a slower rate of uncovery. The rate is slower when licuid
inlet flow replaces some of the steam flow frcm the ccre. Uncovery procesds
until a stable coolant level occurs for which the iniet mass flew rate is

equal to the steam flow rate.

The height of the stable level is available frcm the previous derivations in
Secticn 4.2.2. The level will rise as the decay pcwer decreases and of ccurse
may vary it system conditions chance.

«

Equation ¢-2 gives the fracticnal elevaticn vs. time:

M 1o YE) s e U (2-2)

'

For long times after unccvery, the fractional level becomes KZ’ which is

defined by:

N




This shcws that the decay power generated belcw the stable ccolant level
((z/L)(Po DH)) is equal to the pcwer to heat the subccoied inlet to saturation
and to vaporize it ('ﬂ!,.m(.‘i‘_.g + Hf - Hin))‘ Figure 4-18 shows how the level
approaches the stable level vs. the normalized time, which is t/K1 in Equation

(4-2). ’

Depending on the lowest level attained, the steam convecticn cooling might cr “
might not be sufficient to keep the maximum temperature of the clad frem
rising becausa of the decay heat input plus the oxidation heating. [t is
estimated that even withcut oxidaticn heating the clad temcerature is abgve

18C0°F with the steady level at 60%. Therefére, the clad will continue %o

‘rise in temperature even iT the level is held constant, when the level is

lcwer than about 60%.

The oxidation below the coolant level is essentially zero. ~sbove the ccolan:
level, the local oxidation may be greater for a given total amcunt of hydrcgen
generated than if boiloff proceeded without inlet flcw and the sare amount of
hydrogen were generated frcm a longer fraction of the core length. Ficure
4-15, which predicts the nurmber of embrittled rods for a measured total
hydrccen generation, yields a lower limit damage estimate when there is some -
inlet flow to the vessel. This same argument may be extended to include the

additional oxidation which occurs in scenarios where the refill proceeds

slcwly.

The effect of inlet flow on core temperature is exemplified by Figure 4-19,
where inlet flcow is sufficient to maintain a steady 60% ccolant level. The

, .
average core exit steam temoerature is plotted as a function of the subccoled
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he ccre 3

heats the subcooled inlet and vaporizes it. With high inlet temperature, a

-t

inlet temperature. The cecay power generated by the covered &€C% o

cr

larger fraction of the decay power produces steam and the steam flcw rate is
hich. With lcw inlet temperature, a larger fraction of the decay pcwer heats
the subccoled liquid to saturation and the steam flow rate is low. A lower

steam flow rate yields higher steam superneat above the coolant level.

A saturated inlet flcw of 315 GFM at 567°F and 1200 psia maintains a steady
level at 80% and yields a core averace exit temperature of 125C°F, A
subcooled inlet flow of 125 GFM at 100°F and 120 psia maintains the same
szeady level, but yields a core exit temperature of 1800°F. If boiloff
prcceeds with zero inlet flow, the transient temperature is 930°F as the level
drops down past the 60% level. Hence, abcve a given ccolant level, the ‘

temperatures and oxidation can vary depending on the inlet flow rate. :)

Ouring the core uncovery pericd of the TMI-2 accident, there was scme inlet
flow. It probably caused the distribution of oxidation to be greater-in the

ucper portion of the core than would have occurrec¢ withcut inlet flcw and with

the same total amount of core oxication. Of course any inlet flow is better
than ncne. The core damage at TMI-2 would have been greater for the same -
duraticn of uncovery if there were no inlet flow.

The cenclusion is that a cled damace assessment utilizing Figure 4-15 may -
yield a low estimate of the number of rods embrittled if a) there is some

inlet flow which slows uncovery and/or b) the refill is slow.
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4.4.2 Cemraricens with Alternate Cemputer Maoced

The MAAP ccmputer ccde is a state-of-the-ars tool fer analyiing very severe
postulated core meltdcwn scenarios; It is bteing deveicped uncer the IDCOR
program sgonscred by the nuclear industry. The early portions of several core
melt scenarios are reviewed here. These examples are run on the 2700 Mwt core
cenfiguration. Only the portion of the accident starting frcm core uncovery
and prcceeding to 20% local oxidation is considered here.. Assessment of more
severe core damage would require much greater effcr:. The effor: is beyenc
the sccpe ofF this PASS prccedure and is of questionaole value here since ine
measurement o7 the damace would reqbire intergretive alcerithms utilizing
multiple sources of recorced instrument data. Such dat2 is not recorced bty
the PASS and micht not te available at all plants. Radiation measurements oy

-

the PASS can provide cne estimate of the extent of severe core melt.

The first c2se enalyzed with MAAP is a large break LCCA. It is included to
shcw how the damage assessment procadure yields an underiredicticn cf the
extent of damage. Large break LCCA events depressurize to contairrment
pressure within tens of seconds, exhausting thé primary system and leaving the
core empty of coolant. Figure 4-20 shcws the adiabatic heatup which follcws--
the blowdcwn assuming the £CCS does not function. Within abcut 10 minutes the
temperature on the peak pcwer_rcds exceeds the Zircaloy melting point of.
3330°F, The fuel structure fails by melting rather than oxidation inducad

fragmentation,
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The arcunt of hydreccen generation calculated for this axamole, prior to
reflocd, is much less than the measurement sensisivity fo} the centainmens
atmoschere samples. Curing a subsequent retlccd, a greater amount of hydrccen
is generatad, with the amcunt being degcendent on the speed of the reflood. As
the core ficods, s{eam and gas pushed up and cut of the core may cause a rapid
rise in the Core Exit Thermoccuple (CZT) temperatures. Scme indicaticn of the
speed of reccvery is available frcm the recorced trace of thermocouple
temperature., A rapid rise follcwed by quenching to saturation temperature
indicates rapid reflocd to abcve the CET elevaticn 2nd minimum hydrcgen
generaticn., Figure 4-15 may then uncerestimate the numder of rods damaced. A
hich (hicher than saturation) vaiid CET temperature, wnich gradually changes
over huncreds i seccnds, incicates slcwer revill whicnh is protaebly
accemoanied by oxidation ana hydrcgen ceneration. Figure 4-15 indicates that
there is damaged fuel, but the relaticnship between core demace and hydrocen
gererated is uncer<ain. I7 the hvdrogen measurement indicates a large
fréc:icn of the core zirccnium is oxidized, say more than 20%, then

substantial core damage is certain, regardless of the particular reflcod

scenario.

The second case analyzed with AAP is a beiloff at very low pressure. It is.a

variaticn of the previous case. Properly functioning Sii's rapidly recover
the core vollowing a large LCCA. Best estimate analyses indicate little or no
core damage when all systams functicn. I subsequent action, both automatic
and by the ogerator, fails tc maintain continuous iniet flow frem the HPSI and
LPS? sysswems, the ccre uncocvers again by boilos7 at very lcw bressure. Ficure

4-21 cgives the results for a MAAP calculation of this scenario.
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The oxidation at the top of the peak rods reaches abcut 20% at about the same
time the temperéture reaches the clad melting point of 3350°F. The MAAP
analytical model assumes no fur<her local oxidaticn, but the temperature ’
continues to rise until it reaches the fuel pellet melting point. Oxication
meanwhile continues at the lower, unccvered elevaticns on the maximum power
rods and along the other lcwer power rods until each elevaticn on each rod

reaches clad meltina. Some core structural rearrangement may occur as melting

prcgresses, which eventually invalidates the analytical model.

For this particular scenario, the Iocaf oxidation reaches the embrittlement
threshold at atout the same tige that lccal clad melting starts. The total

" hydrogen generaticn frcm core wide oxidation yields a low estimate of the
numder of rods with embrittled clad which may spill fuel into thé ccolant.
For example at 14C0 sec. the ccolant level is 9% and MAAP indicates 6% of the
core clad is oxidizad and/cr melted, representing some structural damace to
about 73% of the rods. At 6% core oxidation, Figure 4-15 indicates 20 to 0%

of the rods may be embrittled.

The third MAAP case is for boiloff at high pressure. Boiloif at the savety
valve pressu}e setting is postulated for a ccmplete loss of heat sink event,-‘
The secondary beils dry and subsequently the primary temperature and pressure
rise. Safety valves open at about 2500 psia and the primary boils off at the
safety valve pressuré. A MAA? code analysis of this scenario is available for
the 2760 Mwt class reactor. Results are ccmpared to simplified calculations

dore on the 3400 Mwt cless reactor.
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Figure 4-22 shcws the peak teéperature on an averace power rod and the coclant
level as a functicn of time. There is good agreement for tehpera:ure ancg for
level., If the clad rcptdre temperature is 1800°F, the fic. '2 indicztes that
the average pcwer rod rdptures within 16 to 18 minutes of uncovery, when the

coolant level is down to 15%.

When the level is 10%, the simplified analysis predicts less than 2% of the
core clad is oxidized. At the same time after uncovery starts MAAP predicts
about 3% of the core clad is oxidized. Ficure 4-15 indicates that between §%
andé 22% of the rods exceed the embrittlement threshold when 2% of the total
cere clad is oxidized, and between 10% and 50% wheq 3% is oxidized. B8oth
-these results place the extent of damége in the same category and are acdeguate

for damage assessment.

MAAP also predicts that clad melt occurs at the time when the local oxidaticn
reaches about 20%. The code limits the local oxidation thereatter. Clad meit
occurs at 3350°F and is assumed to block the flow channel, thereby limiting
steam flow and preventing further oxidaticn at elevations above the blockace.

To the extent that this analytical model ccrrectly prevents continued iccal

oxidation, the core wide total hydrcgen prcduction is limited and Figure 4-15"

would yield a low estimate of the number of embrittled rods.

The last MAAP case is for boilof{ at an intermediate pressure of 1200 psia,

and is shown by Figures 4-23, 24 and 25. The maximum temperature vs. time is

shewn in Figure $-23. Within less than a 200 sec. differential, the MAAP ccce

yields the same temperature as the simplified analysis. Such a shift of 2 or
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3 minutes to attain a given temperature is not so important to this procedure
as the core wide distribution in temperature and oxidation at the time a given

peak temperature occurs, Figure 4-24 shows the distribution of temperature

with radial nuclear peak at several times or coolant levels. The MAAP code
predicts a faster uncovery, but for a given peak core temperature, the core
wide distributions are essentially identical. Similarly, Figure 4-25 shcws

that the radial distribuctions of local oxidation are identical.

The cenclusicn is that for a given tctal amount of oxidaticn as inferred frcm
the PASS hydrcgen measurements the simplified analytical model yields the '
correct core radial distribution of the oxidation and therefore of the numcer
of reds which are ruptured or are embrittled. Similarly, for a given peak

core temgerature the simplified analytical model also yields a correc:

estimate of the number of rcds with temceratures above a sgec:iied clad

rupture temperature.

4.5 BASES FOR RELATIOMSHIP BETWEZN AMOUNT OF HYDRCGEZN MEASURED AND .
AMOUNT OF CORE OXIDATION

-
.

There are multiple sources of hydrcgen gas production insice the containmén:-- Ve
building during postulated accidents i; addition to the oxidation of the
zircenium in the core. These other sources include: the hydrogcen gas

normally found in the reactor ccolent for corrosion control, the oxidation of
various metals used within the containment, and the radiolytic deccmpositicn

of water. The prccedure for core damage assessment using hyd;ogen gas

measurement employs correiaticns between the degree of cladding rupture or

3
.-




oxidation and the amount of hydrogen produced by the initiating chemical —“)
reactions. The hydrogen measurement is performed by the PASS system on

samples obtained frcm both the Reactor Coolant System hot leg piping and

frcm the containment building atmosphere., These measurements of the hydrocen
gas do not distinguish between the production source of that aas. ‘Therefore,
the procedure requires a means to determine that contribution of hydrogen to
the sample measurement which is produced from sources other than core ‘oxida-
tion. This is accomplished through analytical estimates of the production
rates. These production rates are shown to be source decendent upon either
the containment building atmosphere temperature or the fission prcduct discri-
bution. This section describes in detail the analytical techniques and
‘assumptions employed in the required determination. ach of the scurces of

hydrogen production are discussed.

Tpe‘reac:or coolant under normal plant operating ccnditions contains a dis-
solved hydrogen* concentraticn wnich is present to scavance any oxygen which
may be present and thereby reduce the potential for corrosion. This hydrccen
is present as a result of the radiolytic decomposition of toth the reactor
coolant and in some plants the pH control additives and as a result of direct

addition through the Chemical and Volume Control System. The normal operating

range is between 10 and 50 cc2STP/kg. Therefore, the total quantity-of
hydrcgen present in the coolant for any C-E iISSS is anticipated to be less.
than 500 SCF. This value is considered to be a negligible contribution to the
measurement of total post accident hydrogen concentration for seyera] reasons.
First the presence of this quantity“of gas is well known and Qould not be
misinterpreted in a post accident measurement. Seccndly, the contribution of

this quantity to the concentration in the containment building atmosphere ::).
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under the assumed ccnditicn in which 211 the hydrcgen is released is less than
0.2 voiume percent. This value is close to the minizum sensitivity of the
typical PASS measurement capability and is belcw that of the procedure which
distinguishes cnly between the NRC categories of core damace. Also the
assumed condition is unlikely because the solubility of hydrogen in water is
such that a depressurization to below 100 psig would be recuired for a

ccoplete release.

Employed within the containment building are a variety of metals which consti-
tute a potentially sicnificant source of hydrocen producticn as a byprccuct of

the oxidation reactions which occur as corrosion. The speciiic metals which

. centribute to this source are principally aluminum and zinc. All other metals

are kncwn to be an insignidicant contribution when compared to these two.
Aluninum and zinc are fcund princigaily within the electrical ccmconents,
paint, and galvanized steei structures. The corrosion reactions are a result
o7 the chemical envircrment under accident conditions. Independent of the
postulated accident scenario, these metals are exposed to 2 borated solution
which has been pH adjusted to the alkaline range through the addition of
chemical additives, which contains significant amounts of dissolved oxycen due

to the exposure to the containment building atmosphere, and which undergces

transient temperatures that may range up to 300°F.

The rate of hydrogen prcdéuciicn {rcm oxidation of these metals is derendent
upen many variables which include the surface to mass ratio of the metals, the
quantity of the metals pressnt, the use of protective surface coatings on the

metals present, the suriace temperature, the presence of pH additives, the
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extent of metal emersion in the’borate solution, and the experimentally deter-
mined reacticn rate constant. These variables are planﬁ specific. Therefcre,
implementation of this procedure requires the development of plant specific
analytically determined hydrogen production rates. The production rates.are
required to be expressed as a function of the containment building atmosphere
temperature. This information has been developed using input data available
frcm the latest revision of each specific plant Final Savety Analysis Report
(FSAR). The result is provided in the form of a graph, Figures 4-26 through
4-31, for each plant. A detailed description of the prccecure used to calcu-
late this information is provided. These curves may be used directly or each
utility may choose to redevelop a given plant specific curve based uccn rore
recent input data. The purpose of providing these grapns is to give examples

of the analytical techniques and assumptions to be employed.

The subject prccedure is a document intended to provide an actual assassment
of core damage 7or the purpose of implementing emergency ocerational cdecisions
following an accident. Thérefore. care should be taken to employ result; of
realistic or best estimate dose rate analyses rather than conservative infor-
ration whfch may have been developed for such purposes as licensing activities
or the design bases for equipment. The use of hydrogen production analyses
based on conservative assumptions could actually result in a lcwer than actual
assessment of core damage. This is because the conservative assumptions
dictate greater consequences for the production of hydroggn than may be actual
for a given category of core damage. The measurement of the lower or
realistic hydrogen quantity would then be correlated to a lower than actual
category of core damace. The purpose of this section is to describe the
analytical assumptions reccrmended to be employed in that realistic amalytical

cevelogrent.,
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FIGURE 426
HYDROGEN PRODUCTION RATE FROM ALUMINUM AND
ZINC vs TEMPERATURE FOR CALVERT CLIFFSUNITS 1 & 2
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RATE OF HYDROGEN PRODUCTION, SCE/HR
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FIGURE 4.27 .
HYDROGEN PRODUCTION RATE FROM ALUMINUM AND —3
ZINC vs TEMPERATURE FOR PALO VERDE NUCLEAR GENERATING STATION
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RATE OF HYDROGEN PRODUCTION, SCF/HR

FIGURE 4.28
HYDROGEN PRODUCTION RATE FROM ALUMINUM AND
ZINC vs TEMPERATURE FOR ST. LUCIE UNIT 2
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FIGURE 4-29
HYDROGEN PRODUCTION RATE FROM ALUMINUM AND
ZINC vs TEMPERATURE FOR SONGSUNITS2& 3
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ZINC vs TEMPERATURE FOR WPPSS

' s ! 4 | 1 ] 1 !
100 120 140 160 130 200 220 240 260 280 © 300
TEMPERATURE, °F .o

4-73







RATE OF HYDROGEN PRODUGCTION, SCE/HR

4600
4400
4200

4000

3800
3600
3400
3200
2000
2800
2600

2400

2200
2000
1800
1600
1400
1200

1000

. 800

600

400

200

FIGURE 4.31
. HYDROGEN PRODUCTION RATE FROM ALUMINUM AND
F_ ZINC vs TEMPERATURE FOR WATERFORD UNIT 3

! { 1 1 | | ) !

100 120 140 160 180 200 220 240 260 280 300
TEMPERATURE, °F

4-74




A numzer of the variables required in the anaivses are well défined for a
specified plant. These variables include the specifics of the metal inventory
inside the ccntainment building and the presence of additives to adjust the gH
to an alkaline range. The information used in the analyses of the producticn
rates provicded in Figures 4-26 through 4-31 has teen obtained frcm the plant
specific FSAR. The inventory of aluminum and zinc expressed by weight and,
when available, the surface to volume ratios are stated in the FSAR which
describes the systems for hydrogen control within the ccntainment building.
Two assumoticns were made in the analytical procducticn rate determination with
recard to the metal inventory. First it is assumed that those metals, such as
paint, for winich the suriaca to mass ratio is large, oxidize ccmale:ély wi:h}n
ore hour shculd the conta2inment building atmosphere temperature exceed Z2C0°F.
This is assumed tecause accurate experimental rate constants are not available
for large surface to mess ratios. The consequence o7 this assumption is that
the preocedure should nct be anpiied to hydrocen sample measurements taken

within the first hour follcowing an accident. This is consistent witn present

-

design capabilities of typical PASS systems which require several hours to

Al

obtain and analyze a representative sample. A value is prcvided in Table 3-3
for hydrogen assumed to te procucad in this manner for these plants with

specivic FSAR data. Seccnd it is assumed that there is a limit to the totail

quantity or maximum yield of hydrocen prcduced based upon the depleticn oF the

h

material present. This results frcm the assumption of ccmpiete reaction For
those materials with large surface to mass ratio and an assumed surface
depleticn for those materials with 2 small ratio. A value is precvided in
Table 4-3 for the maximum hydrcgen yield for these plants with specivic FSAR
data. As previously stated, these values may be psed directly or each utility

may chocse to employ a plant specific value based upon more recent data.







TABLE 4-3
HYDRCGEN RESULTING FRCM INSTANTANEOUS REACTICH OF ALUMINUM AND ZIN

PLANTS HYDROGEN SCF

Calvert Cliffs Units 1 & 2 - -

Palo Yerce iuclear éenerating Station - -

st. Lucie Unit 1 ' -

St. Lucie Unit 2 5235

SCHGS Units 2 § 3 : 2C0

WPPSS ' 838

Waterford Unit 3 - - -

- - +Indicates no instantaneous reaction was assumed, due to insuificient data

on surtace to mass ratio in the FSAR.
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-4

MAXTMUM HYDRCGEN YIZLD FRCM ALUMINUM AND ZINC

PLANTS HYCROGZH SCF
Calvert Clifis Units 1 & 2 ot Available~
Palo Yercde MNuclear Generating Station 200,271
St. Lucia Unit 1 481,142
St. Lucie Unit 2 292,081
S?HGS Units'2 &3 ¢6,573
HPPSS ' 86,56
Waterford Unit 3 . 173,582

* FSAR does not provide the information needed to estimate Maximum Hydrcgen

Yield.
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There are, however, several variables which require the use of analytical
assumpticns. These variables are the extent of metal emersion in the borate
solution and the selection of the reaction rate constant based upon the
available experimental data. These analytical assumptions are related because
the reaction rate constant depends upon the extent of emersion in the borate

soluticn. Each of these assumptions is discussed in detail.

The oxidation reaction rate is influenced by the availability of oxygen and
the builduo of reacticn byproducts on the surface of the metal. The avail-
ability ¢ oxycen is assured by the presence of the containment building -
atmoschere. The buildup of reaction byprcducts on a metal surface is deneé-
dent uccn the presence or flcw of the bora:e.solution across that surface. A
metal surface submerged in a stagnant pooil of water will corrode 2t 2 slcwer
rate than a surface which is uncergoing a spray of water. This is btecause thre
spray flcw will remove the soluable reaction byproducts and centinually exgcse
new metal to the corrosive envircrnment. The procedure has been defined as
applicable in the core damace catecory of fuel overheat. The category of fuel

overneazt cannot be reached unless scme fraction of the core has been

uncovered. Therefore, it must be cenciuded that a large mass of high enthaipy

reactor coolant has been released to the containment building. This is suf- =~

ficient to assume that the metal surfaces in question are emersed in steam
with condensation resulting in a limited flow of water. Additionally, should
it be activated, the Containment Spray System will further increase the
surface flow rate with borated coolant and pH control aéditives. Independent
of a specific accicdent scenario it is also conclucded from the.category 07 core

damage that the contents of the Safety Injection Tanks and Refueling Water
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Tank are introducad into the containment. This additicnal water results in a

sufficient level in the building sump to submerge some of the metal inventory.

Hewever, a review of the FSAR data indicates that only a small fraction of the

aluminum and zinc is anticipated to be ccmpletely submerged in the sump.

Therefore,“the reccrmmendation is that the assumed reaction rate constants

should be determined frcm experimental data which address a metal surface at

elevated temperature exposed to a continuous flcw of borated water with pH

adjusted to the alkaline range.

The reaction rate equation to te employed in the oxidaticn of aluminum and

zinc is similar in form to the equaticn used for zirccnium oxidation descrited

in Seczion 4.2.1. The form of this equation is expressed as:

-8/R7

=
a Ametale
where:
H = equivalent metal mass oxidized per unit area per unift time
Awetal = experimentally determined rate constant
8 = experimentally determined activation energy .
R = ideal gas constant
T = survace temperature

This equation
the oxidation

then adjusted

,

can be used to yield the rate of hydrogen prccduction by assuming
reaction to prccede in a stoichiometric manner. The equation is

by a simple unit conversion to yield the standard quantity of

hydrcgen produced per unit suriace area per unit time.




The two values wnich must be determined frcm experimental data are the rate
constant and the activation energy. These values will vary for each metal. A
survey of the published experimental data was conducted to determine the
values reccmmended for use in this procedure. This survey identified a number
of temperature dependent influences on the applicability.of an exponential k
rate equation. The observed effect of temperature on corrosion reactions is
not explicitly exponential as it would be for most chemical reactions nor
linear as it would be under physical change. Each are discussed as an indica-

tion of the limitations of the analytical prediction and therefore the accuracy

ot the procedure,

Terperature may arfect the corrosion rate through its efiect on oxygen
diffusicn in the borate solution at the metal surface. The corrosion rate may
increase with temperature. The rate will decrease rapidly to a low value 2t

the boiling point due to the decrease in oxycen solubility.

Temperature may affect the corrosion rate through its effect on gH. Beéause
the dissociation of water increases with temperature the pH decreases w}th
temperature. This is more significant in the early time periods of an

accident prior to the introducticn of the pH additives through the Containment™

Spray System.

Temperature may afiect the corrosion rates through its effect on the surface
films. The temporature dependence of the solubility of the protective .
corrosion bypreducts will vary the corrosion ;ate with temperéture unless an
aggressive surface flow is present. A change in temperature also may bring
about changes in the physical nature or the chemical ccmposition of the,

protective byprcducts.
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Heat flux may affect the corrosion rate. The temgceratures of the metal
surface, the borated ccolant, and the ccntainment tuilding atmosghere may all
be different and each may be anticipated to vary with location inside the

containment building.

Based upon the survey of the available experimental data the following corre-
laticns are reccrmencded as being applicable to this procedure for the
realistic analytical estimate of hydrogen production rate.

~
1%

For the oxidaticn of aluminum, the excerimental data provided in 2

areranca

7-1% was ¥it to the exponential rate equation to yield

g . 16%0
W=5.9x10" e T(%)

For the oxidation o7 zinc the data provided in Reference 7-20 states the raza

equation to be:

s . 71233
W=2.1x10° e T(°K

where in each case the varieble W is the production rate of hydrccen expressgg
as standard cubic foot prcduced per square foot of metal survace are2 per
hour.

The validity of these selected correlations to provide a realistic estimate
was verified by a series of parametric analyses in which the constants
deterained frcm a number of other published recorts were employed to yieid

estimates of the hydrogen prcduction rates. The reccmmend equations were
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shown to yield results lower then those correlations known to have been (
developed for the conservative purpose of licensing activities or equipment
design. Therefore, the above equations were employed in the calculation of

the graphs provided in Figures 4-26 througn 4-31.

The decomposition of water by radiolysis results in the production of a
significant source of hydrogen gas. This is especially true following an
accident in which fission products become dispersed in the reactor coolant.
Under this condition, the radiation shielding provicded by the structural
materials of the core is no longer present and all of the radiation energy,
both beta and camma, is absorbed in the water., The rate of preducticn of
hybrcgen frem radiolysis is dependent upon many variables which include
reac:or power, juel burnup, the extent of fission prcduct release to the
ccolant, and the rate constant for hydrogen precduced as @ functicn of energy (;; l
absorbed. Each of these variables can be normalized to yield a gereric

procduction rate expressad as a function ¢f reactor power.

The hydrccen grcduction from radiolysis is dependent directly upon the

guantity ci the {ission prccucts released¢ {rom the core. The convention

erployed to express that quantity is the same as that described in Section 3.2 )

for use in the Interim Procedure. The.quan:itative release of fission

products is expressed as the percent of the source inventory at the time of

the accident which is cbserved to be present in the sample media and therefore
availeble for immediate release to the environment. The reason var this

ccnvention is the limit on the present capnability %o predict %ission product -

5

transport out of the core follcwing an accicdent. Defining the cuantitative







o\

reiease in this way dces nct imply 2 quantitative kncwledce of the mechanism
or transport phencmena of that release. The radiolcgical characteristics cf
the NRC Categories of Fuel Damage presented in Table 3-1 remain 2pplicable o,
the Cemprehensive Prccedure. The radiological characteristics are expanded
upen in Table 6-1 to include the distribution of the fission preducts insice
the containment btuilding. This distribution is an estimate based upon MRC

Regulatory Guide assumptions. >

The core damage assessment procedure using hycrocen measurements is applicabie
in the HRC catecory of fuel overheat. Tabie 3-1 icentifies the source of
fission prcduct release for this caiegcrj to te. the fuel pellet. The'source
inventory is calculated using the techniques described in Secticn 2.3. The
source inventcry includes all fissien prcducts ana is not limited to the list
provided in Table 3-4, The source inventory is expressec as an energy scurg?
term in Table 4-5 for hydrogen producticn Toilowing major Tuel overheat.
Values are provided for enercy deposited in the ccolant frecm scurces mixec
with the coolant and frcm sources in the fuel rods. The fracticn of the tctal.
garma energy decosited in the coolant frcm sources in the fuel rccs is
analytically.de:ermined using a Monte Carlo radiation transport mccel using

theé gecmetry of C-E£ designed fuel assemblies. ' .

The rate conszant for hydrogen groducaed as a functisn of enercy ebsovdbed s an
arpri imentaily decarmired wol,e. 2a<zd voen a sta.ay of th2 nrhlished
experimental data, the value rencrsad in Reference 7-2: of 0.3 molectilus of
hvdrcser aroduc~d ner 1G0 ey :r =ne-qy abscrba! is useq in rhé*reaiiSLic

herrecer Sredection reta fralysiz,  The ragiolysis of wa”ar “n 2 closed system

-
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TABLE 4-5 D)

ENERGY SOURCE TERMS FOR HYDROGEN PRCCUCTICH IN

m

CONTAINMENT FOLLCWING MAJOR FUSL QVERHEAT

Enercv Dencsited in Ccolant
frem Sources Mixea wiin the voolant

Time After
Shutdown Beta Enercv ) Gamma Enerav
(hr) (MeV/Watt-sec) (Mev/Watt-sec)
1 2.26 (+9)* 6.55 (+9)
10 1.17 (+9) 3.20 (+9)
100 3.61 (+8) 1.10 (+9)
10C0 4.33 (+7) 4,53 (+7)
Enercv Lenosited in Coolant
from scurces 1n the ruel =cgs
. Fraction of the To:al )
Time After Enercy Ceposited Garmma Enercy in Fuel Rod »”
Shutdewn in Ccolant Derosited in Cecolant
(hrs) ) (MeV/watt-sec)
1 2.91 (+9)~ 0.076
10 9,25 (+8) 0.C54
100 7.72 (+8) 0.072
1000 2.48 (+8) 0.0658
* Indicated powers of ten. ) --
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includes both the prccduction and reccmbination of the byproduct cas. Thereafore,
the rate constant is kncwn to exhibit scme temperature derendence because of

the indirect efiect it has on the solubility of the gas byprcducis. As
temperature increases, the gas solubility will decrease and therefcre, the

rate of reccmbination will decrease. The value will be assumed to be a

constant within the accuracy of this procedure. '

The specific radiolytic hydrcgeh preduction rate calculated with the assumpticns
describted above are provided in Figure 4-32 in the form of a grazn. Two

curves are shown in this figure tecause the hydrccen procucticn is a functicn

of the fissicn procduct release wnich is depencent upon the degree of core
“damage. The two curves represent the results of the calculation for major and
initial fuel overheat using the radiological characteristics of these

categories described'in Table 6-1. The user of this prccedure is recuired ¢o
rely upon an estimate of core damace cobtained frcm one of the other orccecures
provided in this document to select the appropriate curve. The curves in

Figure 4-32 are applicable to all plants because the values presented are

ncrmalized to pcwer level, .

Correction for variation in reactor pcower history prior to the accident is
recquired because of the result upon the source fission procduct inventory. The
correction is used to adjust the measured sourcs inventory to the corresponding
value had the plant been operating at full pewer. The analytically determined
hydrocen production rates which are used to assess core damace are calculated
assuming full pcwer equilibrium scurce inventories. The techﬁiques employed

in this corraection are the same as those discussed in Section 3.3. They are
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the conaiticns that: equilibrium source inventory is reached after 30 days of
censtant power operaticn; the equilibrium value is directly proportional to
the procduction rate expressed as reactor gower; and that const;nt power :
operation means no change greater than = 10 percent. The result is that a
simple ratio of the power may be employed to obtain the full power equilibrium

correcticn.

Constant reactor power operation is not anticipated. Therefore, engineering
Jjudcerment is required to determire the reactor pcwer which is most reoresencza-
ive of the fissicn prcduct inventcry prior to the accicdent. Expiicit detarmi-
nation of the representative value would require detailed ccmputer ccde
analysis. Hcwever, engineering judgement employed with the aid of specific
guidelines is sufficient to yield a result within the accuracy of this

procedura. These guidelines are as follows:

(1) The average pcwer during the 30 day time pericd is not necessarily the

most representative value for correction to equilibrium csnditicns.

(2) The last power levels at which the reactor operated should weich more

heaviiy in the judcement than the earlier levels.

.

(3) Continued operaticn {or an extended period should weigh mora heavily in

the judgesment than brief transient levels.
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5.0 ESTABLISHMENT OF THE BASZS FOR CORE DAMAGE ASSESSHMENT USING CORE

EXIT THERFMOCOUPLES AND OTHZR INSTRUMENTS

The objective in utilizing the Core Exit Thermocouples (CET)is to obtain
another redundant indication of core damage. The CET can supplement the
radiologic and hydrogen meaurements and can provide a damage assessment for
events which are less severe than those which generate measurable amount of
hydrogen. Two additional instruments indications, the pressure and the coolant
level above the core are used to supplement the use of the CET in the

determination of core damage.

mThe CZT provide the primary indication of core heatup following the start of
core uncovery. They function best for slow uncovery by boiloff. The pressure
indication supplements the CET in providing information on the probable rate
of ‘core uncovery and therefore on whether the CET temperature is 3 valid
representation of core temperature. Also, the pressure indication is used to
reduce the uncertainty in the prediction of clad rupture temperature. The
rupture temperature is a function of the differential between the internal gas
pressure and the reactor coolant pressure during the period of core uncovery:
The time period of core uncovery might be questionable when‘only the CET
temperature is utilized to determine it. By using the reactor vessel level
indication, another estimate of the uncovery period is obtained. The level
provides thz time period when the pressu:re sﬁou]d be observed and also can
help in interpreting the transient behavior of the CET temperature. These
three indications, pressure, level and CET temperature are discussed in the

following three sections. The end result is a prediction of the number of
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ruptured fuel rods, some interpretation on the probable accuracy of that —\)
prediction, and an assessment of clad damage expressed as ane of the NRC
categories of damage given in Table 4-1.

¢

5.1 PRESSURE INDICATION

The rate of pressure decrease indicates the relative size of break for LOCA
events. A \argé break LOCA causes the pressure to fall from the normal
operating value to near containment pressure within about 100 sec. or less.
This indicates complete core uncovery by blowdown, and is an indication that
the CET temperature rise is probably much less than the core temperature rise.

The damage assessment procedure using the CET could greatly underestimate core

damage. j)

A éma]] break LOCA causes the pressure to fall to within 100 pst above the
secondary pressure, remain constant for a period of timelwhich is

proportional to break size and then to continue falling (See Reference 7-92).
This indicates relatively slower core uncbvery by boiloff, although
‘functioning of the ECCS may prevent core uncovery. The CET respond best to --
such slower uncovery events and the CET temperature may be gi&en greater

weight in the core damage assessment.

The prediction of clad rupture using the CET temperature includes an
assumption on the rupture temperature. This rupture temperature varies
substantially with individual fuel rod burnup and system pressure. In order

to remove some of the uncertainty, predictions are made for three postulated 'i)







rupture temperatures which are related to the system pressures. The pressure
indication during the uncovery period enables the choice of the rupture

temperature which yields the best damage prediction.
5.2 LEYEL INOICATION

The coolant level in the reactor vessel above the top of the core is used to
estimate the period of coreluncovery. Knowledge of when the core is
uncovered is used in two ways in the procedure. First, it determines the time
period during which the pressure §hou1d be observed as dicussed in the

. preceding section. Second, when the core is uncovered the CET temperature
should rise. If it does not rise and fall according to the core uncovery
period then some interpretation of the validity of the CET temperature as an
indicator of core temperature is required. Hence, the level indication can
help to reduce the possible uncertainty in the assessment of the core damace
obtained with the CET temperature or at least can suggest that there is a
potentially large underestimate of the predicated damage. The relationships

between CET temperature and level are discussed in the following Section 5.3.

-

’

There are two commercially available reactor vessel level systems available.
feither indicates all they way down to the top of the active fuel, so some
procedure for extrapolating the recorded traces of level may be needed in the
plant specific procedure for core damage assessment in order to obtain a good

estimate of the core uncovery period. Such plant specific details are out of
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scope for this generic procedure guideline. Owners of C-E designed reactors
with the C-£ level monitoring system can obtain a performance evaluation

during accidents from Reference 7-15, sponsored by the CEQG.

5.3 PREDICTION OF FUSL CLAD RUPTURE BASED ON CORE EXIT THERMOCOUPLE
TEMPERATURES

A performance evaluation of CET'S during core uncovery is provided for C-E
designed reactors in CE-ilPSD-212 (Reference 7-16) prepared for the C-E Owners‘
Group. That report should be used to supplement the presentation here. It is
assumed here that a Core Exit Thérmocouple instrumentation system as regquired
in Regulatory Guide 1.97 is available. 1In addition, the system capability
must allow the user of the procedure to obtain the maximum CET temperature and :)
superheat as a function of time during the uncovery period. Plant specific
implementation may require additional hardware and/or instructién on how to
obtain these data from the instrumentation system. Given a system, several
considerations on the performance of the CET during core uncovery are
oresented and are related to the interpretation of CET temperature as a

measure of core clad temperature. -

The CET's are located depending on reactor design from 10 in. to 26 in. above
the top of the active fuel. They do not monitor fuel temperature. They do
monitor the temperature of fluid above the exit of the core which is liquid
normally and steam and/or gas during uncovery accidents. In order to infer
core temperature from the CET indication, there must be a flow of heated fluid

from the core past the CET elevation. ODuring complete core uncovery or ) ':)
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tempérarily follcwing any rapid partial uncovery, there is no flow to couple
the core and CET temperatures, so the core heats up without a CET indicaticn.
During slcwer uncovery by boilo?{, the sugerheated steam flowing up from the
core provides effective thermal coupling and core heatup is indicated by the
rising CET temperature. The information which is obtained from the CET record

for both of these two cases is discussed in the following.

In the first case, while the core is uncovered, there is no thermal coupling
but scme useful information may be obtained frem the CET temperature record

during the recovery period.

During a rapid recovery, the liquid entering the bottom of the core pushes the
steam and gas up and out of the core, past the CET. This may cause a sudden,
short duration peak in the CET temperature when it follows a deep uncsvery.

It is an indicator of more severe prior core heatup than would be inferred
frsm the earlier CET temperature record. Tese data from LOFT and Semiscale
LOCA tests which are summarized in Reference 7-16 confirm this behavior. The
conclusion is that such a scenario yields a CET temperature record which has
some characteristic behavior that indicates the potential for higher core

temperatures and therefore greater core damage than this procedure would

predict.

In the second case, when there is thermal coupling between core temperature
and CET temperature, the-effectiveness depends on the particular CET
installation configuration and on the time rate of steam temperature changes.

Both of these contribute to the amount of time lag in the CET respcnse. Some
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analytical calculations of the time response of CE7 in C-E desicned reactors
are given in Reference 7-16. This thermal lag is also evident in the tests at
the LOFT and Semiscale facilities, which are summarized in Reterence 7-1ii.

For the C-t desicned reactors, this lag varies with reactor design, up to
about 6 minutes. It has the effect of reducing the peak temperature recorded’
frcm the CET and possibly of shortening the apparent duration of core

uncovery. For example, Figure 5-1 shows the calculated steam temperature as a

function of time for a 0.1 ftz

small break LOCA and the delayed CET response.
temperature. The conclusion is that the CET recorded temperature represents a
lower limit for the peak steam temperature and could be substantially lower
than the peak core temperature. Therefore, this procedure will yie]d a lcwer

limit prediction of core damage.

Typical analyses of Design Basis small'break LOCA predict continuously

decreasing pressure as the core uncovers. This can cause a delay in the

~apparent time of uncovery as indicated by the CET temperature. The reason is

that the saturation temperature is also decreasing along with the pressbre
decrease. Thereiore, the level cculd drop into the core and cause superheated
steam at the top of the core but the temperature of the steam increases more
slowly. The conclusion is that it is desirable to also trend the superheat

derived from-CET temperature and reactor coolant pressure.

The superheat of the CET also hes a disadvantage for indicatihg the time of
core uncovery. This disadvantage ccmes from the location of the CET above the
top of the core ccmbined with the thermal lag in the temperature response of

the CET in a steam environment. The CET is at saturation temperature until
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the level drcps belcew the CET location. Thereatfter, the C&7 temcerature "™
remains ebcut the same or chances slcwly whereas the saturaticn temgeratura is

falling with pressure. Hence, the CET indicztes superhesat and 2 false

indication of core uncovery. Fortunately, these effects are usually small and
last only several minutes i; the design basis LCCA analyses, until the core
uncovers and temperatures rise substantially. It would probably be important
only in the less savere scenarios where there is some question about whether

cr not the core started to uncover.

During recovery, the CET rapidly quenches when the ccolant level rises atove

the CET elevation. The CET indication drops to saturation temperacture or ﬁ

lower, cegcending on the rate of ccolant flow. The ccnclusion is that if the
CZT indicate superheat, they are certainly uncovered arnd the ccre is either
uncovering or is abcut to start uncovering. If the CEY are subcceled and 2 i)
level is indicated or if they sucdenly go frcm superheat to subccciing, they

and the core are covered.

The CET are generally designed to functicn for accidents which are less severe
than the TMI-2 accicent. They have good accuracy up to readings abcut 1650°F

and can trend up to about 23C0°F., The thermal-hydraulic functional design - .

objectives for the CEZT and other inédequate core cooling instrumentation are

proviced in CZ-i?SD-16¢ (ReTerence 7-17) for the CEQG. A ccmparison with the

bottcm entry CET systems on the S-80 cdesign and on Maine Yankee is provided in
:-NP<D 171 (Reference 7-18).. Their {unctional capability is essentially the

same as for tcp mounted CET up to core temperatures of 2300°F.




-

In order to utilize the CET recorded temperature, three relations are
necessary. First, the peak recorded CET temperature must be related to the
peak core temperature. Second, the peak core temperature must be ré]ated to
the distribution of temperature in the.core. Third, the core temperature
distribution must be related to an assessment of core.damage. ‘These three

relations are discussed in order.

The relationship between the peak core temperature and the CET temperature is
indicated by an example. Analyses of Design Basis small break LOCA events on
the 27C0 Mwt class indicate that when the core peak clad temperature during an’
event is in the.}ange 1500 to 17C0°F, the maximum subchannel exit steam
temperature is abcut 250°F to 100°F lower, respectively. The magnitucde of the
CET temperature would te lower than the subchannel steam temperature because

of the thermal lag and steam cooling above the active fuel and because the CET
sees steam Trcm an array of subchannels. The averace temperature frem the

array is lower than the peak subchannel steam temperature.

The CET temperature lags the steam temperature by up to about 6 min. When the
duration of unccvery is long compared to the lag time and the temperatures

vary smoothly, the CET temgerature is E]oser to the steam temperature. At ™~
about 1500°f steam temperature, fhe peak core temperature attained during
Cesign Basis Events couid be within abcut 1CG°F above the peak steam
temperature. The conclusion is that for smooth CET temperature records which -
peak near the upper limit of the CZT range of good accuracy at 1630°F, and for

uncovery durations of 20 min or longer, the peak core temperaiure attained is

within a few hundred degrees above the peak recorded CET temperature.
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Seccndly, the ceak ccore temperature is related to the distribution of
temperature on all the rcds in the core by the analyses described previously
in Section 4. An example of how the desired relaticnship is developed is
given as follcws. Assume the peak core temperature is 1850°F, as shown in
Figure 4-11 when the coolant level i; 302. The figure shows that all rods -
with radial peaks above 0.75 have temperatures above 1500°F. From Figure
4-10, about 94% of the rods in the core have radial peazks above 0.75. If clad
rupture occurred at 1500°F, then a peak core temperature of 1950°F is an
indicator that 94% of the rods are ruptured. In this manner, the third
relation between peak temperature and core damage is established. Successive
values of peak core temperature are used and yield varicus percentages of
‘ruptured rods. If the rupture temperature is 1800°F, another set of values is

obtained.

Thgiresultg of this calculatioral routine are shcwn on Figure 5-2. Three
values of rupture temperature are selected for plotting, 1200°F, 1500°F and
1800°F. As discussed in Section 4.3.1 on clad rupture criteria, the clad will
rupture when held at temperatures in this range for abcut ten minutes,
depending on the clad difierential pressure. For new fuel, these rupture
temperatures correspond to coolant pressureé of 100 psia, 1100 psia and all -~

pressures respectively.

In utilizing these curves in the prccedure, the first step is to determine the
coolant pressure during core uncovery, as discussed in Sections 5.1 and 5.2.
The pressure determines which of the three curves best represents the clad

rupture ccenditions. Use the curve corresponding to the measured pressure or

~
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higher. Cbserve the maximum CET temperature during the unccvery period. The -\)
peak core temperature is at least this high, and cculd be considerably hicher

decending cn the scenario as discussed perviousiy. Entar Ficure 5-2 with the

peak temperature and read from the appropriate rupture curve the percentage of
rods which are ruptured. This is considered a lower limit estimate of the
percent of clad ruptures. Table 4-1 then yields the NRC category of core

damage corresponding to the amount of clad failure.

t is evident frcm Figure 5-2 that the number of ruptured rods is very
sensitive to the core peak température, and is even more sensitive to the
assumed rupture temperature. The uncertainties in the damage assessment can
be reduced with plant specific analyses. At any time during a given fuel
cycle, the burnup and the consequent fission gas pressure vary among the fuei
rods. Burnup is scmewhat related to radial peaking factor. For example, T)
third cycle fuel has the maximum internal pressure at a given temeerature, but
it usually does not have maximum racdial peaking factors. Plent specific
calculations for a given burnup cycle are feasible which could recuce the
three curves for three rupture temperatures to one curve at a given core
burnup and system pressure. Several curves could be derived for several
values of burnup during the fuel cycles and for a set of system pressures. .
Such curves would reduce the uncertainty in the percent of rods vhich rupture

at a given ccre pea2k temperature attained during a core uncovery accident.
The curves in Figure 5-2 provide a lover limit estimate of the number of

ruptured rocs for 2 given peak CET temperature during uncovery.by boiloff.

For example, at an observed peak CET temperature of 1600°F and a rupture
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tamperature of 1SC0°F, the Ticure predic:s 25% ruptured rcds. If the acsuail
peak ccre temperature were 200° above the CI7 temgerature, the correct answer
would be 753 rupturad rods. As the temperature increasas the uncertainty
decreases. At a peak gT temperature of 220G°F, over 303 of the reods are
predicted ruptu}ed with high confidence, regardless of burnup or systenm

pressure.

If the maximum temperature CET exceeds the upper limit of indication at
2300°F, no more specific statement about core damage is evailable frcm the
maximum CET recorded trace. A core map of all CET temperatures is neeced to
indicate the number of CET above 2300°F, their radial lecaticns and the racial
nuclear peaks at those locations. With these data, an estimate cf the numder
of rods which are ebove the clad melt temperature or which have exceeded the
oxidaticn emdbrittlement threshold can be made. For example, i7 the CET in
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locaticns with core averace radial peaXks exceed 23C0°F, at lea2
rcds in the core have melted clad. The damace assessment preccecdure presenisc
in the appendix dces not inclucde the utilization of such core maps ov CET
temperature and radial peak. Plant specific information cn data acquisiticn
capabilities and more detailed analyses of more severe core damage scenarios
are required to extend this prccedure to include the measured distribution ef

core exit temperature.
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6.0 ESTABLISHMENT CF THE 3ASIS FOR CQRE DAMAGE ASSESSMENT USING DOSE

RATE MEASUREMENT INSIDE THE CONTAINMENT SUILDIN

The categories of core damage are characterized in Sectio; 3.0 of this
document in terms of those physical parameters relevant to the release of
radioactive material from the core into the containment building. These
parameters are the source of the fission product release, the mechanism of
fission product release, and the quantitative release of characteristic
fission products expressed as a percent of the theoretical source inventory.
That information is used in the development of the Interim Procedure for Core

Damace Assescment. The measurement employed for the purpose of the interim

procedure was the specitic activity of the samples obtained frem the reactor

coolant and from the containment building atmosphere. A discussicn of the

uncertainty in these measurements and the limitations of their use in core

darage assessments is provided in Section 3.4.

The same physical parameters may be evaluated using the measurements of the
dose rate inside the containment building. The use of two different
measurements for the evaluaticn of the same physical parameters is employed as
3 means to reduce the uncertainty. As with all of the physical and chemical --
rararmeters discussed in this procedure guideline, the assessment 0f core
demage based on one parameter serves to ccmpliment the éssessment based on the
others reducing the overall uncertainty. This section describes the basis
employed in the Comprenensive Procadure for use of the dose rate measurement

inside the containment building to assess core damage.
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The instrument emplicyed in the measurement is the wide rance area radiation ~\
monitor. There may be several of these instruments insice the ccntainment

building. They are typically located in the higher elevat:: s o7 the builcing .

in order to measure the volatile fission produc:ts as they disperse through the

building atmosphere. The dispersion of volatile fission procucts through the

building atmosphere is increased by air flcw resulting frcm operation of the
HYAC system and by thermal gradients or steam flow. Chemical sprays are used

to remove non-volatile and halogen fission products from the atmosphere.

As & ccnseguence of the identity of the fission preducts to which these
instruments are exposed, dose rate measurements are most applicable‘fo core
darmace assessment within the categories of fuel cladding failure and fuel
overheat. The Tission products of high volatility, specifically ncble gas and

halogens, are characteristic of cladding failures. The fission products of \ j)

intermediate voiatility, cesium, telurium, and rubidium, are characzeristic of
fuel overheat. OCose rate measurerents are not ccnsicdered applicable to the
categories of fuel melt because the fission procduct transport uncder this
condition is pcorly understood and therefore realistic dose rate correiations
cannot be periormed. The measurement of sample specific activity is rore
indicative of the fuel melt condition. For these reasons the core damage -

assessment using dose rate measurements will be limited to within the upper

range oF fuel overhezt.

The ccnventicn of this dccument is to express the release of fission products

as the percent of the source inventory at the time o7 the accident which is
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observed to be present in the sampied or measurad meciz. The radiologic
characteristics of the NRC categories of fuel damsce 2are defined in Tables 3-1

and 6-1. -

6.1 AHALYSIS OF IN-CCHTAINMENT COSE RATE

The prccedure for core damace assessment is based upcn the ccmparison between
dese rates measured following an accident and analytically determined values

of the realistic or best estimate dose rates that would correspond to the -

-t

sgect

ic categeries of core damace. The radiaticn dose rates inside the

ceatainment building following an accident are dercendent upon many variables

.which include reactor power, fuel burnup, containment building cecrmetry, the

identity and quantity of the fissicn prcducts released frcm the core, the use
of chemical sprays for the removal of airborne fissicn groducts, and th
Tocation within the buiiding at which they are measured. Each of these
variables are plant specific. Thereiore, implementaticn of this grccecure

requires the cevelogment of plant specivic analytically determined dose rates

which is beyond the sccpe of this dccument. Such plant specific dose rates
may already be develcped on a case basis for other purposes. However, the
subject procedure is a document intended to provide an actual assessment of _.
core damage for the purpose of implementing emergency operational decisions
following an accident. Therefcre, care should be taken to employ the results
of realistic or best estimate dose rate analyses rather than conservative
information which may have been developed for such'purposes as licensing
ac:ivitie; or the design bases for equizment environmental quaiification. The
use of cese rate analyses based on censervative assumptions could actually

ok -
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Radiologic Characteristics of NRC Cateqories of Fucl Damage

®

Table 6-1

HRC Category of Hechanism of Source of Percent of Source Inventory Distribution of Fission
Fuel Damage Release From Core Release Released to Containment Products in Containment
llo Fuel Damage Halogen Spiking Gas Gap lLess than 1 Airborne
Tramp Uranium .
Initial Cladding — Gas Gap Less than 10 Airborne
Failure
lntermediate Clad Burst and Gas Gap 10 to 50 Airborne
Cladding Failure Gas Gap Diffusion
Release
Hajor Cladding Gas Gap Greater than 50 Airborne
Failure —
Initial Fuel Pellet | Fuel Pellet Less than 10
Overheating Airborne:

Intermediate Fuel

Pellet Overheating

———

Major Fuel Pellet
Pellet Overheatling

5 Grain Boundary

Diffusion

NDiffusional Release
From UO? Grains

Fuel Pellet

Fuel Pellet

10 to 50

 Greater than 50

100% Hoble Gas
25¢ Halogen

Plated Out
25% Nalogen
12 Solids




result in a lcwer than actual assessment of ccre damace. This is because the

cecnservative assumptions dictate greater consequences for the release of

fission prcducts than may be actual for a given catecory of core damage. The

measurement of the lower or realistic dose rate would then te correlated to 2
lower than actual category of core damage. The purpose of this section is %o
descrite the analytical assumptions reccrmended to be employed in that
realistic analytical dévelopmént and to provide an example of the results of
such an analysis. Plant specific implementation may require the use of
assumpticns different frcm those employed in the example. Therefore, all of
the assumptions used and the basis for each will be defined. The specific
example shown is as generic as possfble. Plant specific implementation may bte
; perscrmed by analytical correction of the example dose rates rather than an
independent calculation,
A number of éhe variables required in the analyses are well cefined. These
variables are the desicn reactcr power, ecuilibrium core inventory ov fission
prccucts, containment bui1d§ng cecmetry, and the locaticn of the wide rancge
are2 radiation monitors used to measure the dose rate. There are hcwever
several variables which require the use of analytical assumptions. These
varicbles are the quantitative release of fission prcducts frcm the core uncer
the defined conditions of fuel cladding failure and fuel. overheat; their
gecmetric distribution inside the containment building, and the consequences
i the chemical sprays for the reduction of airborne fission procducts. These
analytical assumptions are discussed in detail below. Additionally, a methcd
is required to correc: the measured cose rates for pcwer histéry prior to the

accicent because of the result upon the source fission product inventory.
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The dose rate measurement is degendent directly upon the quantity of the | ';\
fission precucts released frcm the core. The convention employed to exgress

that quantity is the same as that decscribed in Section 3.3 for use in the

Interim Procedure. The quantitative release of fission products is expressad

as the percent of the source inventory a2t the time of the accident which is

observed to be present in the sample& redia and therefore available for

irmediate release to the environment. The reason for this convention is the

limit cn the present capability to predict fission preoduct transport out of

the core following an accident. Cefining the quantitative release in this

way does not imply a quantitative kncwiedge of the mechanism or transport

phencmena of that release. The rad%ologica] characteristics of the NRC

Categories of Fuel Damage presented in Table 3-1 remain applicable tc the
Ccmprehensive Procedure. The radiolcgical characteristics are excanced uscn

in Table 6-1 to include the distributicn of the fissicn prcducts insice the )

containment building. This distribution is an estimate basad upcn NRC

Reculatory CGuide assumptions.

The categories of core damage identified 2s cladding failure are characterized
in Table 6-1 by the release of fission prccucts thrcuch the mekhanisms of clad
burst and gas gap ditfusion. The characteristic fission products are the -
ncble gases and halcgens. These fissicn prcducts are released in highly
volatile chemical species. The dose rate analysis for the categories of
cladding failures will assume that the fission prcducts remain airborne. The
quantitative release criteria to distinguish the extent of fuel cladding

damage are also provided in Teble 6-1 expressed as a percant of the source

inventory. These values are the reccmmended assumptions for use in the
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analytical decerminaticn. The source inventory in this case is the
ecuilibrium cas gap inventory. This inventory includes all ncble gas and‘
halogen fission products and is not limited to the list provided in Table 3-5
in which the characteristic isotcpes are identified for use in sample
analysis. The implementation of these defined criteria in the fora of a
prccadure regquire the ca]culatibn of the dose rate as a function of time for
the two' cases o7 £0 percent and 10 percent assuméd quantitative release frcm

the source into the containment building atmosphere.

The catecories of core damage identified as fuel overheat are characterized in
Table 6-1 by the reiease of {ission prcducts thrcugh grain boundary diffusicn
and by diffusion frcm within the UO2 grains. The characteristic fissicn
prccucts are cesium, rubidium, and tellurium. The fission procucts released
in this category include the less volatile chemical species driven of7 by the
high temaeraéures in addition to increased quantities of the hichly volatile
species discussed with regard to cladding failure. Therefore, the Zose rate
analysis will assume that the distribution includes both airborne dispersicn
and surface plateout inside the containment building. The reccrmend
assumptions are that: the airborne dispersion will include 100 percent of the
noble gas and S0 percent of the halogen fission products which have been -
assumed to be releasad; and the platecut will incluce 25 percent of the
halogen and 1 percent of the solid fission products which have been assumad to
be released. These values represent the percentace of that which has been
released and are not the percentage of the source'inven:ory. The percentage
of the source inventory which is released for each category is a

characteristic defined in Table 6-1.
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The airtorne dispersion is assumed to be hcmogeneous and the platecut is

-/

assumed to be on the walls of the contzinment building. The quantitative
release criteria to distinguish the extent of fuel cladding are also provided
in Table 6-1 expressed as a percent of the source inventory. These values are
the reconmended assumptions fér use in the analytical determination. The
source inventory in this case is the equilibrium core inventory. This
inventory includes all fission prcducts and is not limited to the list
provided in Table 3-4 in which the characteristic isotopes are icdentified for
use in sample analysis. The implementation of these defined criteria in the
fcrm of a prccedure recuire the calculation oF the dose rate as a function ¢?

time for the two cases of 50 percent and 10 percent assumed quantitative

release frcm the source into the ccntairment building.

ceration of the Containment Spray System has the effect of reducing the :)
airtorne concentration of the halogen fission prcducts. Evaluation of this
effect requires assumpticns concerning the distribution of chemical species

arong the halogen fission products and the efficiency of the spray to remove

each frem the atmosphere. HRC Regulatory Cuide 1.4 assumptions are
reccrmended for the distributicn of chemical species. The efficiency of the
chemical spray is expressed as the deccntaminaticn factor (DF) after two hours ~~
o7 operation. It is assumed that those fission products remaining éirborne

fter two hours will be unarfected by ccntinued operation of the spray. These
assumptions are explicitly stated as follows: 91 percent of the halogens are
of the elemental species which has a 2 hcur DF ¢f 20; 4 percent of the

halcgens are of the organic species which has a 2 hour DF of 1; and 5 percent

are o7 the particulate species wnich has a 2 hour OF of 1. The ccmbined

6-8




efTact is that after two hours of ccntainment sprav cceraticn 13.5 percent of
the oricinal quantity of halogen remains airborne. Expressed differently the
halogens are assumed to be reduced by a factor of 7 aftar two hcurs of

containment spray.

The validity of these assumptions were evaluated by a series of parametric
dose rate calculations performed with the halogen removal factor variéd
between 1 and 20. The result indicated that increasing the removal factor to
20 (assuming all halogens to be elemental species) would lcwer -the dose rata
measured five hours after the accident to one-third of the value calculated
with a removal factor of 7. Theretfore, the éssumptions used for :he‘

efficiency of the containment spray is a significant factor-in the accuracy of

the procedure to estimate core damace. Acdditionally, it must be assumed that

the distribution of chemical species is hcmogeneous thrcuchout the ccntainment

atmosphere and that the radiation monitors are located in a hcmcgenecus region

which is subjected to the spray.

Correction of the measured dose rates for variation in reacter pewer hisicry
prior to the accicdent is required because of the result upon the scurcs

fission product inventory. The correction is used.to adjust the measured dose.
rate to the corresponding value had the plant been operating at full power.

The analytically determined dose rates which are used for ccmpariscn to assess
core damage are calculated assuming full pcwer equilibrium source inventcries.
The techniques employed in this correction are the same as those discussed in
Section 3.3. They are the ccnditions that: equilibrium source inventory is

reached atter 20 days of constant power operaticn; the equilibrium value is
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directly proportion to the prcduction rate expressed as reactor power; and
that constant power cperaticn means no change greater than =10 percent. The
result is that a simple ratio of the power may be employed to obtain the full

wower equilibrium cerrection.

Constant reactor power operation is not anticipated. Therefore, engineering
judgement is required toydetermine the reactor power which is most
representative pf the fission preduct inventory prior to the accident.
Explicit determinaticn of the representative value would require detailed
ccmputer code analysis. However, engineering juccement employed with the aid
of specific guidelines_is suificient to yield a resqlt within the accuracy of

this prccedure. These guidelines are as follcws:

(1) The average pcwer during the 30 day time period is not necessarily the

most representative value for correction to ecuilibrium conditions.

(2) The last power levels at wnich the reactor operated should weigh more

hezvily in the judgement than the earlier levels.

(3) Continued operation for an extended period should weigh more heavily in

the judgement than brief transient levels.

The case considered for the example is a 3800 Mwt plant. The dose rates are
provided for two containment building geometries: the spherical containment

6 5

has a volume of 3.3 x 10° cubic feet and a surface area of 1.2 x 10 sguare

feet; the cylindrical centainment has a volume-of 2.7 x 106 cubic feet and a
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surface arez o7 1.2 X 10s square feet, The assumpticns include an eguilibriunm
two year burnup at full reactor power, the removal of airberne iodine by the
centainment buiiding spra2y system results in an average reduction by a fac:icr
of 7 two hours after spray initiation, and location of the dose rate
measurement s tcp centerline of the ccntainment Suilding. The results of the
example analyses are provided in Figure 6-1 and 6-2. These calculations were
performedausing the point kernal technique to determine the gamma flux.

Several ccmputer ccdes are available to perform this analysis.

m

6.2 GeNERAL DISCUSSIONS O THE LIMITATICHS O

a

This procedure is limited in applicability to the NRC catecories of fuel

cladding and fuel overheat. The procedure is limited in accuracy o that of

the assumptions made in the analytical dose rate determination. 7ihase
consicerations have been discussed above. Additicraliy, :herg are limitaticsns
in the radiation monitoring system capability to obtain representative
measurements which should be considered in the determination 0¥ core damace

using measured cose rates.

This procedure relies upcn radiation dose rate measurements taken frocm one or_.
more monitors located inside the ccntazinment building to cetermine the total
quantity of fission products released frem the core and.therefore available
for release to the envirorment. The amcunt of fission prcducts present at the
location of the monitors may be changing rapidly due to transient piant
cenditicns. Therevore multiple measurements should te cbtained within a

minizum time pericd and when possible under stabilized plant conditions.

'
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FIGURE &-2
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Semples cb:ained during rapidly changing plant conditicns should nct be

weiched heavily into the assessment of core damage.

The reliability of the mezz.red dose rates is influenced by a number of
factors which incluce: the ability to cbtain representative measurements due
to inccmplete mixing of the measured media; equipment operation in a harsh

envircrrment; and operator familiarity with rarely used procedures.
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POST-ACCIDINT SAMPLIN j
GUiDE FOR PREPARATICH OF A PROCECURE

TO ESTIMATE CCRE DAMAGE
The major isstue remaining to ccmplete our eveluation of NTCL's for ccmpliance’
with the post-accident sampling criteria of HUREG-0737 is preparation cf
procedures for relating radionuclide concentrations to core damage. To cate,
none of the applicant's has been successful in providing an acceptable
prccedure. As a consequence, each HTOL has a license ccnditicn which may
restrict power operaticns. One of the contributing factors in the applicant’s
slcw responses to this item is their confusion on exactly what to prepare.
‘The attachment is intended to provide informal guidance to each HTOL applicant
so that their procedures, when prepared, will address the core demage
estimaticn in a manner acceptable to us. j)
we anticipate that preparation of a final prccacdure for estimating core damage
may take approximately 12 months. Therefore, we are willing to acceotf an
interim procedure which focuses on fewer radionuclides than are indicated in
the attachment. The interim prececdure in conjunction with a2 firm date for the
f1na1 procedure weuld be used to remove the péwer restricting license -

cendition,

The primary purpose in preparing 2 procedure for relating radionuclide
cencentrations to core demage is to bte zble to provide a realistic estimate of
core damace. We are primarily int ted in teing able to d1f.erent1ate
between four major fuel conditions; no damage, cladding failures, fuel

overheating and core melt. Estimates of core damage shculd be as realistic as ::)
[}




possible. [If a core actually has one percent cladding failures, we do not
want a prediction of fifty percent core melt or vice versa; extrames in either
direction could significantly alter the actions taken to recover frecm an
accident. Therefore, the procedure for estimating core damage should include
not only the measurement of specific radionuclides but a weighted assessment
of their meaning based on all variable plant indicators. The following
discussion is intended to provide general quidance pertaining to the factors
which should be considered in preparing a procedure for estimating core damage

but is not intended to provide an all inclusive plant specific list.

The rationale for selecting specific radionuclides to perform "core damage
estimates from fission product release” is included in the Rogovin Report
(page 323 through 527, attached). Basically, the Rogovin Report states that
three major factors must be considéred when attempting to estimate core damage

based on radionuclide concentrations.

1. For the measured radionuclides, what percent of the total available
activity is released (i.e. is only gap activity released, is sufficient
activity released to predict fuel overheating or is the quantity of__

activity released, on]y"avai1able through core melt?
2. Yhat radionuclides are not present (i.e. radionuclides will, in all

probability, not be released unless fuel overheating or melt occurs).

The absence of these species bounds the maximum extent of fuel damage.
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What are the ratios of various radionuclides species (i.e. the gap
activity ratio for the various radionuclides may differ from the ratio in
the pellet). The measurement of a specific ration will then indicate

whether activity released came from the gap of fuel overheating/melt.

In addition to the radionuclide measurements, other plant indicators may be
available which can aid in estimating core damage. These include incore
temperature indicators, total quantity of hydrogen released from zirconium
degradation and containment radiation monitors. When providing an estimate of

core daimage the information available from all indications should be factored

into the final estimate (i.e. if the incore temperature indicators show fuel

overheat and the radionuclides concentrations indicate no damage, then a

“recheck of both indications should be performed).

Consistent with the categorization of fuel damage in the Rogovin Report, the
four major categories of fuel damage can be further broken down, similar to
the following list, consistent with state-of-the-art technology. The
suggested categories of fuel damage are intended solely to address fuel
integrity for post-accident sampling and do not pertain to meeting normal

off-site doses as a consequence of fuel,failures.

1. No fuel damage

2 Cladding failures ( <10%)

3. Intermediate cladding failures (103-503).

4 Major cladding failures ( >50%3)

5. fuel pellet overheating ( <107)

6. Intermediate fuel pellet overheating (10:-50:).
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7. Major fuel pellet overheating (>50%)

‘8. Fuel peilet melzing (<10%)

9. Intermediate fuel pellet melting (10%-50%).

10. Major fuel pellet melting (>50%).

Because core degradation will in all prcbability not take place uniformiv, the
final catecories will not bg clear cut, as are the ten listed above.
Therefore, the preparation of a core damage estimate should be an iterative
‘process where the first determination is to find which of the four major
catecories is indicated (for illustrative purposes, only radicruclide
cencentraticns will be considered in the following example, but as indicated
atove, the plant spgcific prccecdure should include input frcm other plant
indicators). Then proceed to narrow down the estimate based on all availzble

data and kncwiedge of how the plant systems function.

\/

Examole : ﬁ

In a given accicent operaticn, there is 70% clad failure, sicnivicant fuel

overneating and one fuel bundle melted. Utilizing the iterative process.
First
Calculate the maximum {uel melted by arbitrarily attributing all activity to

fuel melt (uncder these ccrditicns, {ive to ten melted buncles may be

predicted). Therefore, the worst possible condition is fuel pellet melting.
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Secend

Calculate the maximum fuel overheated, by arbitrarily attributing all activity
to fuel pellet overheating (under these ccnditions, majer fuel pellet

overheating is predicted). ‘ . .
Third

Calculate the maximum cladding failures, by arbitrarily attributing all

activity to cladding failures (under these conditions, greater than 100% fuel

cladding damage is predicted).

t this point it is obvious that major cladding damage is present and that a
larce emount of fuel pellet overheating has occurred with the potential for

scme mincr fuel pelle: melting.

Fourth

Check Tor the presence of radionuclides which are indicators of fuel pellet
melting and overheating. In this instance, obvious of overheating will exist.

along with trace indicators of potential pellet melt.

Based on the radionuclide indicators of fuel pellet overheating damage

(confirmed by incore temperature) make an estimate of how much fuel
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overheated. This result will in all prcbability indicate major fuel pellet

overheating.
Sixth

Subtract the activity estimated from fuel pellet overheating, plus the
activity attributable to 100; gap release frem the total activfty found. This
will result in a negat%ve number because the contributions from overestimating
cladding damace. (100% versus 70%) and fuel overheating (major versus
intermediate) will exceed the activity contribution from one melied Sundie.

-

At this point, knowledceable judgement must be employed to establish the best

estimate of core damage. Although all damage could be attributable to
cladding damace and fuel pellet overheating, the trace of radionuclice
irdicators of fuel pellet melt indicate the possibility of some fuel melting.

Basad on kncwledge of core temperature variaticns, it is hichly unlikely that

1603 cladding damage would exist withcut significant fuel melting. Also. some
of the activity attributed to fuel pellet overheating must be associated with
the amount of fuel pellet melting which is indicated. Therefore, the best
estimate of fuel damage would be that "intermediate fuel overheating had _.
occurred, with major cladding deamage and the possibility of minor fuel pellet

rmelting in one or two fuel bundles cut of 150 fuel bundles."

The above example is obviously ideal and makes the major assumptions that:
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A. The radionuclide/s monitored are at ecual concentratiocns in all fuel —\)
rods. In actually, at no time will all radicnuclides be at equal
concentrations in all fuel rcds. Because the time to reach equilibrium
for each radicnuclide is different, due to their hichly variable
production and different decay rates. Some isotopes will approach
equilibrium quickly, while others never reach equilibrium. Therefore, it
1s necessary to factor in reactor power history when determining which
radionuclicde is optimum for monitoring in a given accident ccndition.

o

Probably the optimum radionuclides for estimating core damage will vary

as a function of time after refueling and based on pcwer history.

B. Ecuilibrated samples are readilv available from all samole locations at

the instant of semplina. Considering the large volumes of liguid and

vapor spaces that e leakage source migrates to and mixes with, for other j)
than very larce leaks, it will take many hours or even days to acprcach
equilibrium conditions at all sampie locations.

.

C. Maximum core decracaticn occurred prior to initiaticn of samoling.

Unless total ceecling is lost, core degradation can te anticipated to
progress over 2 period of hours. Thus, there is not a given instant when
sampling can be concucted with positive assurance that maximum

degradaticn has occurred.

Considering that ideal conditions will not exist, then. procedure for .
estimating core damage sheuld bte prepared in a manner that the effects of

variables such as time in core life and type of accident are accounted for.

¢




Therefore, the procedurs for estimating ccre damace should include the
determinaticﬁ of both shert and long lived casecus and noa-volatile .
radionuclides along with ratios for apprepriate species. Each separate
radionuclide analyzed, aleng with predictad ratios of selected radionuclides
would be used to estimate core damage. This process will result in four

separate estimates of core damage, (short and long-lived, gaseous and
non-volatile species) which can be weighed, based on power history, to

determine the best estimate of core damage.

0

The post-accicent sampling system locaticns for liguid and gaseous samples

- "

varies for each plant. To obt2in the most accurate assessment of co;e damace,
it is necessary to sample and analyze radicnuclices frcm each of these
locations (reacfor ccolant, containment atmosphere, contdinment sumps and
suppressicn pool), then relate the measured concentration to the total curies
for each radicnuclide at each sample lccation. These measured radionuciice

concentrations need to be cdecay ccrrected to the estimated time of core

damage. Their relaticnship to core damage can be obtained by ccmparing the

total quantity and ratios ot the radionuclides reieased with the predetermined
radionuclide concentraticns and ratios which are availeble in the core based
on power histcry. Assuming one hour per samble location to recirculate, -7 -
cbtain and analyze a sampie frcm each location it would take ___ hours to
pervorm each of those aralyses.

Based on the above rationale, the final preccedure for estimating core damage

using measured radionuclice ccncentrations will probably rely only on one or

two sample locations during the initial phases of an accident. The optimum
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radionuclices for estimating core damage will also, in the short term, be
based on recen:z pcwer history. When equilibrium conditions are establishad at
211 sample locaticns, radicnuclide analysis can be performed to obtain a
be<i.:r estimate of core damage. The specific radicnuclicdes to be analyzed
under equilibrium conditions may be different than those initially analyzed

~

beczuse of initial abundances and different decay rates.

The specific sample locations to be used during the initial phases of an
accident should be selected based on the type of accident in pregress (i.e.
for a2 BWR, a small liquid line break in the primary containment would release
cnly small quantities of volatile species to the dry well. Therefore sampiing
the cry Qe]l first would not indicate the true magnitude of core damage). For
the same small break accident, i¥ pressure is reduced by venting safety valves
to the suppression pool, then the suppression case of a small steem line
break, without venting satety valves to the sugpression pool, the dry well may

be the best sample location.

To.account for the variations in prime sample locations, based on type of
accident, the procedure should incluce a list of primary sample locations.
This 1ist should inclucde both a prime liquid and gaseous location end state ..
the reasoning used to deternmine that these locations are best. Additionally,
the precedure shéﬁ]d address other plant locaticns which can be used to verify
that the sample lccaticns selected are best for the specified accident

cendition,
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Q.

scecitic exampies which show

cr

Finally, the prccadure shcuid incerporaze pian
estimates of core damace based cn predictad radicnuclide concentraticns.
Methcdolegy of this step is provided by lettar of May &, 1881, frea McCuire

Nuclear Stzticn, Docket Mo. S50-389.
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DERIVATICN CF TiE °RAHSI’W| POWER CORRECTICH EQUATIOM FOR SOURC

l
N

I

-
-

-4

CRY

P-4

For those plant pcwer histories in which equilibrium conditions do not exist
an analytical correction is provided in the procedure. The mathematical modél
used to calculate the quantity of fission products in the core fuel pellets as
a function of time involves a group of linear, first order differential
equations. These equations are obtained by applying a mass balance for
production and removal. The terms for fission prcduct production include
direct %issicn yield, parent fission prccduct decay, and neutrcn activation.
The terms for fission product loss inclucde decay, neutron activation and

escape to the ccolant. Each equation in the grcup is expressed as follcws.

[

—_= (F)(Y:‘)(P) + (.:f.-l -\1_1) “!2'_1 ':!' Ok ék ";."1 - (AZ + \):. + o “) "

9 P £

where the variables are devined as follows.

N = Fuel pellet fission procuct inventory, atcms
F = Average fissicn rate, fission/Mat-sec

Y = Fission prccuct yield, fraction

P = Core power, M4t

-1
X = Decay constznt, sec

g = Microsccpic cross section, cm2

v = Escape rate ccefficient, sec -1

f = Branching fraction

t = Tire, sec
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ané where the subscripts are defined as follcws.

£ = Isctope
2-1 = Pracursor to isctope 2 for decay
k =

Precursor to isotope 2 for neutren activation

Within the accuracy of this procecure, the terms for fission producf

production by neutron activation and
activation and escape to the coolant

beccmes as follows:

=== (FUYP) + (£, , 2, )

Additionally, it can be assumed that

with respect to plant power.

di

I'"

(4]

-
-

= (G)(?) - A, By

where (G)(P) is the procduction term which is linear with respect to power.

Therefcre,

for fission product loss by neutron

are insignificant. The equation then

r
]
Pt
o d
I .

the terms for prccduction are both lineer

the equaticn beccmes as follcws.

The solution of these equations are of the following.form.

M, (t) = iE%&El (1-e72:% )

)







This represents the quantity of fissicn preccduct isotcpe, 2, preduced during
time, t, while the reactor is at power, P. AL scre time avtar the reacsor is

‘shutdown, the fission products which remain are as follcgws.

N (t) = Lg%iﬁl (1-e™22%4) e'xztg
2

where tg = the time between the end of period j and the time of reactor

shutdcwn.

The equaticn which expresses the total fissicn grcducts which remain after

muitiple time pericds of different pcwer levels is as follcws.

(6)(?;) 0
N (2) = 5 (1-e7%2%5 ) e7%i%j

X

‘

The power correcticn factor then becomes as follows.

‘ o)
Aty -7, t0
i (t) 0 Pewer P _ Ly Py (1-277e7) @7 -
NL(t) v 1065 Power 100 (l-e'Azth) ,

Within the accuracy of this prccedure and uncer the ccndition in which the
total period of operation is greater than fcour radicactive hali lives the

pcwer correcticn is as follgws.
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Pcwer Correction Factor

19

L; Pj (1-e”2:%5) e %y

= _J
1C0
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. DERIVATICH CF THE CORZ EEATU? AND COXICATICH RELATICHSHIPS

This Appendix preszants the ma:henézicai derivation o7 the heatup and oxidaciog
relaticns which ara usad to cbtain the final resulits which apcear in the
damage assessment procacure. Kncwledce of the derivation in this Appendix is
not essential to prorer implementation of the procecdure, but it may help to
understand the physical phenomena and thereby enable a better judgcement on the
emount and configuration of core damage for an event which deviates substan-
tially frcm the usual predictions for core uncovery events. The derivation
presented here is similar to that presented in Reference 7-13.

.The derivaticn applies to the uncovered porticn of a fuel channel during
boilof{ at constant pressure and core decay power, A channel may be
censidered to be a fuel assembly or a single fuel rcd and associated flow
subchannel. The only diiference among channeis (prior to clad balloening anc
r;;:ure) is the pcwer level, which is diréc:ly proporticnal t¢ the radial
nuclear peaking factor. It is assumed that the normalized radial peak
distribution is the samz for decay pcwer and for norzel operation, and is

equivalent to typical ccre wice Cistributicns with all CEA's withdrawn.

The steem generated below the ccolant level is assumed to remain in the same
charnel above the ccolant level. The mass flow rate is directly proportional
to the radial peak. If the total ccre steam fleow is HS jor H channels, the

flow in a channel with radial peak Fp is Mo Fo/H. Decay power per unit length




@.

of channel is the core average value times the radial peak, ad FR' An enercy

balanc2 on 2 unit length of channel, above the ccolant level is written,

assuming a homogenized rod of fuel and clad at uniform temperature.

Tirme rate of chanée
of sensible heat in

fuel and steam

W.F
- _ S
)|R+oACT)— =

~
)

Heat convected in Pecay

= minus heat + power

convected out

W F WeFoC T
CT “S'R C T d S’R*c 'g -
99~ "99+5 (=7 ")+ Fa, (1)

where: (HRCR) = Total fuel rod specific neat (S/7t. - °F)

TR = Rod temperature (°F)

t = time after sta

r

t of core uncovery (hr)

, p. = Steam density (Ibm/ft3)

A
C_ = Sta2am specific heat (8/1tm - °F)
T

= Channel flcw area (ftz)

-~

= Steam temperature (°F)

W = Core total stezm flew rate (1ba/hr)

FP = Radial peaking tactor

N = Humber of rods or channels in core -

7 = Height above bottcm of active length (ft)

L0
Q.
1]

Core average decay linear heat rate (8/hr - ft)

Several physically based assumptions are macde. In the first term, the heat

capacity of the steam is very much less than that of .the fuel, so the second

term in the parenthesis is neglected by cemparison with the first. Physical
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properties of fuel anc steam are assumed constant. The partial derivative )

with height beccres B(NéTg)/SZ at any instant of time, and because density )
changes are neglected this reduces to NS aTg/aZ. Frcm the previous equations
for ccolant level, substituting Equaticn (4-2) into (+-1) yields an expression

for the steam flcw, ws, as a function of time after uncovery starts:

(1 - X,) '
Mo = W+ pAL —-—qz— e /¥y (2)
Ccmbining (1) and (2) yields:
3T 4 1 -K 5T F, q
R . "3 . 2, - t/ky e RS
el LIPS Ky ) e W= Fig Ca (3)
where:
- pA C0 FR
3 It ﬂR CR

Assume that the steam attains the rod temperature instantly, which is
equivalent to an infinitely large equivalent surface heat transier
coeificient. The rod actually rises above the steam temperature, so Equation
(3) results would be lcw for temperatures below the rapid oxidation
temperature range. The heat input from the exothérmic oxidation reaction is

added later,
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The partial difierentiai equaticn is reduced to an ordinary diiferential
equation by substituting for time after uncovery, t, the time interval, t-, .
from the time the coolant level drops past a given elevaticn, Z, to the

current time when the level is 2. Frcm Equation (4-2), t* is:

/L - KZ
t* =t + Kl In (-l"_fx_) (“')

Using:

a»
'
.
Q
[ d
%

Q)

Q
i~ -t
Q
ct
I
Qr
~

and taking accsunt of the assumption that Tp = Tg, Equation (3) beccmes:

&7 . Fr 9a/™ Cg (5)
o T Ko X
1 + in "3 "1 + K e t*/K1
PAL (270 - %57 * *3

This represents the time variation of the rod temperature at a given elevation
as a functicn of time after the level drops past that elevation. It accounts..
fer convecticn of scme of the decay power by steam and for the increase in

sensible heat of the rcd by the remainder.
Assume that all heat of reaction by zirconium oxidation goes to raising the

rcd temperature. Oxidation heating beccmes significant above about 1800°F,

which is attained only for low ccolant leveis when the steam flow rate is
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relatively lcw. Uith lcw steam flow, cooling by convection and thermal ;*)
radiation to steam is less effective, and a smaller fracticn of the total
decay pcwer and reacticn heat is transferred to the steam. Therefore, the
addition of reacticn heat as an adizbatic temperature rise is a fair
.
assumption when the core uncovers by boiloff. Reaction heating is expressed °
by Upoact® the equivalent linear heat rate caused by oxidation. The rate of

temperature rise is q /MR Cﬁ, and is added to Equation (5).

react
The reaction heat rate is expressed as the time rate of conversion of the mass

of zircenium into oxide per unit length of clad times the heat of reaction:

- . 4 T (0% - p?
Ueact © ~ at (°Zr 4 (Do - Di)) AHreact

Assume oxidaticn cn only the outer clad surface, Do. This yields an :>
appropriate estinate for total core oxidation prior to substantial core

damace, but may underestimate the local oxidat{on on both sides of thinned

clad at the location of clad rupture. Llet x be the equivalent percentage of

the original clad thickness, ar, which is cxidized. Then the preceding

equation beccmes:

OIO.
)X

(6)

Qrezes = 7 27r U 60 Hreact
The equivalent oxide thickness, x, is given as 2 function of time and

temperature - by the equation in Section 4.2.1. The resulting equations for

clad temperature and oxidation are:
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Fr 94/t3 C3

=6 (sr/7100) aH

d7 . _ react
ac~ Ui K3 K (o K, i G
AL (/L - K] 3 @ :
2 A, - ..
x2 - 22 t o™ B/R(T +-460)
°7r
These equations are normalized by substituting:
t' = t*/K1
( -- -.)
Ky 94 Fp
Yielding:
aT' 1 . dx
gt T T+ Ky _ o Ky Ks ot
X, €
3
x2 = K6 t' e iy K7/K4 * Ka)

dx
at

(7)

(8)

(9)

These equations give the clad temperature and local oxidation vs. time for

core uncovery by boiloff{ with scme inlet flcow. When the jniet flcw is zero,
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Ky, is 1.0. The equations are solved numerically with zero inlet flow and for
values of the ccnstants, K, evaluated for the 33C0 Mwt class.
In order to ccmpare the recults for various reactcrs, the ccnstants are
defined in Table 1 anc rumerical valves are given in Table 2 for a selected
decay heat fraction of 1% and for two pressures. The table shcwé that the
variation of the values among the C-E designed reactors is relatively small
and is much less than the difference in values at 300 psia and 2500 psia. In
other words, the differences in the fuel heatup behavior among the C-E
desicned plants for a boiloff event are much less than the difierences to be
exgected just because of the effect of possible pressure differences during
two alternate accident scenarios. Therefore, the 35C0 rMwt class is evaluated
over the rance of 300 to 25C0 psia and from 13 to 3% decay heat, and the
relative distributicn of oxidation is used'in the nrocecura for damace
assessment on all reactors. The range of error intrccduced by this decisicn is
onsidered suitTiciently small to allow identificaticn of the extent of cecre

damaces within the ten cateccries devined in Table 4-1.
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Ky

Table 1

Definiticns of Constants in Heatuo Ecuations

Pefinition

it .0

K

Fp %3 Ky Heg

Ky Fp 9
100, %1 Azr
Ar 2

PZr
Fa Ky Q4
MR LR o/ R
T(o) + 460
—B/R

+ - -
(Z/L - Kz)(Hfg- hf -

H,

n







9i-9

®

Table 2

Constants In Heatup Fquations-Comparison of

Values for C-E Designed Reactors

S-80

Variable Ft. Calhoun Calvert Cliffs SONGS-2
L (ft) 10,67 11.4 12.5
A (112) 60.1 107.3 109.7
Gy @ 1% (B/hr-ft) 205 212 . 181
PO © 1% (8/hr) 5.12 x 107 9.21 x 107 1.16 x 108
N - 23408 38192 51212

Do (ft)

Ar (ft)

HR CR (B/hr-ft)

3
Py (1bm/ft™)

al (8/1bm)

react

A, (bmesetdone)

Ir
B/R (°R)

0.442/12 = 0.0368
0.032/12 = 0.00267
0.0474
407
2770
5020
30429

0.440/12 = 0.0367
0.026/12 = 0.00217
0.0479
407
2770
5020
30429

0.382/12 = 0.0318

0.025/12 = 0.00208
0.036
407
2770
5020
30429

12.5
118.5
182
1.30 x 10°
56876
0.0318
©0.00208
0.0356
407
2770
5020

30429

-
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Table 2 (Cont*d)
Constants In Heatup Equations-Comparison of
- Values for C-E Desiqgned Reactors
'
Variable Ft. Calhoun Calvert Cliffs SONGS-2 S-80
~ Pressure (psia) 300 2500 300 2500 300 2500 300 \ 2500

p (lbm/ft3) 52.9 35.0 52.9 35.0 52.9 35.0 52.9 35.0
Hfg (8/1bm) 808.9 361.6 808.9 361.6 808.9 361.6 808.9 361.6
Cg (B/1bm-°F) 0.565 0.612 0.565 0.612 0.565 0.612 0.565 0.612
K| 0.536 0.159 0.561 0.168 0.506 0.150 0.488 0.144
K, VARTATSB } E W I T H I L ET FLOW RATE

K3/FR 1.62 1.16 1.75 1.26 1.80 1.29 1.75 1.25
Ky ) VARIABLE WITH I WL ET . FLOW RATE

K Fp 0.0294 0.0993 0.0218 0.0737 0.0240 0.0811 0.0247 0.0836
Ke 2.28x107  6.75x10° 367107 1.0ex10’  3.53x107  1.05x107  3.41x107  1.01x107
K7/FR 0.0762 0.0226 0.0825 0.0244 0.0845 0.0250 0.0819 0.0242
K 0.0288 0.0371 0.0288 0.0371 0.0288 0.0371 0.0288 0.0371
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1.0

2.0
2.1

2.2

3.0
3.1

3.2

PURPQSE ‘ “)

This proccedure is to be follcwed under sost accidant plant cen-

ditions to dezernine the tvpe and cdagree of reacicr core damege )

which may have occurred by using {ission procuc:t isotoces measured

in samples chtained frcm the Post Accicdent Samri==g System (PASS). -
O

There are three factors considered in this procecure which are
related to the specific activity of the sempies. These are the
identity of those isotopes which are released ircm the core, the
respective ratios of the specific activity of those isotopes, and
the percent of the source inventory at the time of the accident
which is observed to be present in the samples. The resulting
observation of core damagce is described by cne or more of the ten
categories of core damage in Enclosure 1.

.

REFEQENCES

Develocment of the Cowprebensive Prececdure Guideline for Core Damage
Assessment, C-t Cwners Group Task <67, May 1683,

Past Accident Sampling System Operating Procedures. (Plant specific
document).

DEFINITICNS

Fuel Damace: For the purpose of this procecure fuel demage is

defined as a progressive feilure of the material boundary to prevent t)
the release of radioactive fissicn prccuc:s into the reactor ccoiant
starting with 2 penetraticn in the zircaicy cizdding. The type of
fuel damege as daterminea by this procecure is reoorted in terms of
four major catecories which are: no camace, cladding failure, .uei
overheat, and fuel relt. Each of these catecories are characterized
by the identity of the fissicn prccucts relezsaed, the mechanism by
which they are released, an¢ the scurce inventory within the fuel
rod frem which they are released., The decree of fuel damege is
measured by the percent of the Tissicn prccuce source inventory
which has been relzased into Tluid media and therefore available for
irmediate release to the eavironment. The degree of fuel damace as
determined by this preccacure is reported in terms of three levels .-
which are: ‘inmitial, intermediates, and major. This results in a .
total of ten possibie catecories as characterized in Enclosure 1.

Source Inventory: The source inventery is the total quantity of

fission prcduc s expgressed in curies of each isotope present 'in
either source; the fuel gellets or the fuel rod gas g@&p.
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4.0

4.1

4.2

$»

LW

PRECAUTICHS ~ND LIMITATIONS

The assessment of core damace cbtained by using this procedure is
only an estimate. The techniques employed in this procedure are
only accurata to locate the core condition within one or rore of the
10 catecories o7 core damace described in Enclosure 1. The prcce- .
dure is based on radiclogical data. Other plant indications may bte
available which can improve upon estimation of core damage. These
include incore temperature indicators, the total quantity of
hydrcgen released frcm zirconium degradation and containment
radiation monitors. Whenever possible these additional indicators
should be factored into the assessment.

This procedure relies upcn samples taken frcm multiple locaticns
insice the ccntainment building to determine the total quantity of
fission prcducts available for release to the environment. The
amount of fission procducts present at each sample location may be
changing rapidly due to transient plant conditions. Therefore, it
is required that the sampies should be obtained within a minimum
time pericd and if possible under stabilized plant conditicns.
Semples obtained during rapidly changing plant conditicns should not
be weighed heavily into the assessment of core damage.

A nurber of factors influence the reliability of the chemistry
samples upon which this prccedure is based. Reliability is
inTluenced by the ability to obtain representative sampies due to
inccmolete mixing of the fluids, ecuipment limitations, and lack cf
operater femiliarity with rarely used analytical prccecures. Tne
accuracy echieved in the radiological analyses are also iniluenced
by 2 numder of factors. The equicment emplcyed in the analysis may
be subjectaed to high levels of radiation exposure over extenced
pericds of time. Chemists are required to exercise considerzoie
cauticn to minimize the spread of radioactive materials. Samples
have the potential of being contaminated by numercus sources and
they may not result frem a uniform distribution of the sample fluid.
Cooling,or reacticns may take place in the long sample lines.
Therefore, the results cbtained may not be representative of plent
cenditicns. To minimize these effects multiple samples should te
obtained over an extended time period from each locaticn.

-
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5.0

5.1
5.2
5.3

5.5
5.6
5.8
5.9
5.10
5:11
5.12
6.0

IHITIAL PLANT CONDITIONS AND SYMPTCMS

This procecdure is to be employed for analysis of radiochemistry
sample data when it is determined that a plant accident with tke
potential for core damage has occurred. The following is a list cf
plant symptoms to assist in this determination.--This list is not &
ccmplete representation of all events which may cause core damace.
One or more of these symptoms may exist at or before the time the
sample is cbtained. Under these conditions, sampling should be
performed using the Post Accident Sampling System.

High alarm on the containment radiation monitcr.

High alarm on the CVCS letdcwn radiation monitor,

High alarm on the main condenser air ejector exhaust radiation
monitor. .

Pressurizer level low.
Safety Injection System may have autcmatically actuated.
Possible high quench tank level, temperature, or pressure.
Possible noise indicative of a high energy line break.
Decrease in volume ccntrol tank level.

tanddby charging purps energi;ed.
Unbalanced charging and letdcwn ficw.
Reactor Coolant System subcooling low or zero.

PRERECUISITES

An operational Post Accident Sampling System with the capability to
obtain and analyze the identity and concentration of fission product
isotopes in fluid samples which have the potential to be hichly -
radioactive. The system should meet the requirements of HUREG-Q737
Item 11.8.2, Reference 3, '

~
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7.0
7.1

7.1.1

7.1.2

~1
.
»a
.
(&8

7.1.4
7.2

7.3

7.4.2

7.4.3

PRCCZZYURE

Record the Tollcwing plant indications. ' S8ecause of transient
cernéiticns the veiues should be recordad as close as possible to the
time at winich the radiological samples are cbtained frcm the Post
Accident Sampling Systen.

Reactcr Ccolant System:

Pressure PSIG
Temperature “ °F
Reactor VYessel Level
Pressurizer Level

3R 3k

Containment Building:

Atmosphere Pressure
Atmosphere Temperature
Sump Level

e=q
(%]

ax 0O
nw

Pricr 30 days Pcwer History Power, Percent Curaticn, Davs

Time of Reactor Shutdewn Date Time

Seiect the most apprcoriate sample locaticns required vor core
damace assessment using the guicelines providea in Enclcsure 2.

Obtain and analyze the selected samples for fission prccuct specisi
activity using the procedures for Post Accident Sample Systenm
operation described in Reference 2. Record the required sample data
for each selected sample. Enclosure 3 is provided as a worksheert,
A1l of the isotcpes listed in the enclosure may not be cbserved in

the sample.

Correct the measured sample specific activity to standard temper-.
ature and pressure,

This steo is reguired only if it is not inclucdad in the procedures
for Post Accicdent Semple System Operation, Reference 2.

Reactor ccolant liquid samples are corrected for system temperature
and pressure using the factor for water density provided in
Enclosure 4. The ccrrection factor obtained frcm the enclosure is
divided into the reasured value to obtain the density corrected
value. o

Containment building sump samples do not require correction for
temperature and pressure within the accuracy of this procedure.

Containment building 2tmosphere gas samples are corrected using the
following equaticn.
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7.4.4
7.5

7.6
7.6.1

7.6.2

7.7

7.7.1.1

P T, + 460

Specific. Activity(STP) = Specific Activity x (r—ap=) x ()
, . 1 2 |2 + 400

where:

Tl’ P1 = Measured Sample temperature and Pressure recorded in step.

7.3.

T2, P2 Standard temperature, 32°F and Standard Pressure 14.7 psia.

Enclosure 5 is provided as a worksheet.

Correct the sample specific activity at STP for decay back to the
time of reactor shutdcwn which is recorded in step 7.1.4 using the
follcwing equation. Enclosure 6 is provided as a worksheet.

A
Ao =~
e
where:
Ao = the specific ac:ivityhgf the sample corrected back to the tirme
of reactor shutcown, "~ '/cc.
A = the measured specific activity, ¥¢'/cc.
A = the radioactive cdecay ccnstant, l/szc.
t = the time period frcm reactor shutdcwn to samole analysis, sac.

Identificaticn of the Fission Prcduct Release Source.

Calculate the following ratios for each ncble gas and iodine isotcs
only using the specific activities obtained in step 7.5. Enclosure
7 is provided as a worksheet.

Noble Gas Isotope Scecific Activity

Ke 133 Specatic Activity L -
Iodirne Isotcce Scecific Activity
i-131 Speciiic Activaty

Determine the source of release by comparing the results obtained to
the predicted ratios provicded in Enclosure 7. An accurate compar-
ison is not anticipated. Within the accuracy of this procedure it
is appropriate to select as the source that ratio which is closest
to the value obtained in step 7.6.1.

Noble Gas Ratio =

lodine Ratio =

"Calculate the total quantity of fissicn products available for

release to the environment. Enclosure 8 is provided as a worksheet.

If the water level in the reactor vessel recorded in step 7.1.1
indicates that the vessel is full, the quantity of fission products
found in the reactor coolant is calculated by the following
equation.

c-8
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7.7.1.2°

7.7.1.3

7.7.2.2

otal Activity (Ci) = Ao(“CIICC) x RCS Volume

where:
Ao = the specific activity of the reactor coolant sample
correcEed to time of reactor shutdcwn obtained in step
7.5, ¥“'/cc. :
RCS Velume = the full reactor coolant system water volume corrected

to standard temperature and pressure using Enclosure 4.

[f the water levels in the reactor vessel and pressurizer recordad
in step 7.1.1 indicates that a steam void is present in the reactor
vessel, then the quantity of fission products found in the reaclcr
ccolant is acain calculated by step 7.7.1.1. However, it must be
reccgnized that the value obtained will overestimate the actual
quantity released. Therefore, this sample should be repeated at
such time when the plant operators have removed the void frcm the
reactor vessel,

If the water level in the reactor vessel recorded in step 7.1.1 is
belcw the low end capability of the indicator, it is nct possible to
determine the quantity of fissicn products frcm this sampie because
the volume of water in the reactor coolant system is unknown. Uncer
this conditicn, assessment of core damace is obtained using the
ccntainment sump sample.

The quantity of fissicn products found in the containment buiiding
sump is deternmined as follcws.,

The water volume in the containment building sump is determined frem
the sump level recorded in step 7.1.2 and the curve proviced in
Enclosure 9.

The quantity of fissicn prcducts in the sump is calculated by the
follcwing equaticn.

Total Activity, Ci = Ao(ucjlcc) X Sump Volume
wheare:

A_ = the specific activity of the containment sump sample corE?c:ed
to the time of reactor shutdcwn obtained in step 7.5., “'/cc.

The quantity of fission products found in the containment building
atmosphere is determined as follows.

The volume of ¢as in the containment building, at the time of the
accident, is corrected to standard temperature &nd pressure using
the follcwing equation.

Gas Yolume (S7i?P) = Gas Yolume x
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7.7.4

7.8

7.8.1

7.8.1.1

7.8.1.2

Group 1

Group 2

7.8.2

where: ,

Tl’ P1 = Containment Atmosphere temperature and pressure recorded in
sten 7.1.2.

T

2 P2
The total quantity of fission products available for release tc the

environment is eaual to the sum of the values obtained frcm each
sample location.

Plant Power Correction

The quantitative release of the fission products is expressed as the
percent of the source inventory at the time of the accident. The
equilibrium source inventories are to be corrected for plant pcwer
history.

To correct the source inventory for the case in which plant power
level has remained constant for a period greater then four radio-
active half lives the following procecure is employed. E&Enclosure 10
is provided as a worksheet,

The fission procducts are divided into two groups based upcn the
radioactive half lives. Group 1 isotope are to be employed in the
case where core pewer had not changed greater than =10 percent
within the last 30 cays prior to the reactor shutdcwn. Grcup 2
isotopes are to be employed in the case where core power had not
chanced ¢reater than =10 percent within the last & days prior to the
reactor shutdcwn,

The following equation may be applied to the fissicn product Group
which meets the criteria stated in 7.8.1.1 only.

teady State Pcwer Level for Pricer 20 Savs

( actl - = -
Power Correction Factor =50

Steadvy Stata Pcwer Level for Prior 4 Davs
i00 --

Pcwer Correcticn Factcor

To correct the source inventory for the case in which plant power
level has not remained constant prior to reactor shutdcwn, the
following equaticn is empioyed. The entire 30 days pcwer history
should be empioyed. Enclosure 11 is provided as a worksheet.

0
£ Py (1 - e 2tj) o72E;

() 3 - J
Power Correction Factor TG0
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7.9

7.9

where:

Pj = steacdy reactor pcwer in period j
tj = duraticn of period j
tg = time frem end of pericd j to reactor shutdewn

Comparison of Measured Data with Source Inventory

The total quantity of fission prcducts available for release to the
environment cbtained in step 7.7.4 is compared to the source inven-
tory corrected for plant power history obtained in step 7.8.2. This
ccmparison is made by dividing the two values for each isotecpe and
calculating the percent of the corrected source inventory that is
ncw in the samoled fluid and theretore available for release to th
environment. Enclosure 12 is provided as a worksheet,

CCRE DAMAGE ASSESSHMENT

The cornclusion on core damage is made using the three parameters
develcped above. These are:

1. Identification of the fission precuct isotcpes which most
characterize a given sample, stepn 7.3,

2. Identificaticn of the source of the release, step 7.6.

3. Quantity of the fission produce availabie for release to the
ernvirenmant expressed as a percant of sourc2 invenicry, Ssiecp
7.9.

Knowledgeable judcement is used to compare the above three para-
meters to the definitions of the 10 MRC categories of fuel damace
found in Enclosure 1. Cora damage is not anticipated to take place
univormly. Thereiore when evaluating the three parameters listed
abeve the preccedure is anticipated to yield a combination of one or
more of the 10 categories defined in Enclosure 1. These categories
will exist sirultaneously. --

The tvpe of core damace is described in terms.of the 10 {RC
cazzgories deiined in Enclosure 1. The degree o7 core damage is
described as the percent of the fission products in the source
inventory at the time of the accident which is now in the sampled
fluid and theretore available for release to the environment.
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ENCLOSURE 1.
Radiological Characteristics of HRC Cateqories of Fuel Damage

Release of Characteristic

HRC Category of Hechanism of Source of Characteristic Isotope Expressed as a
fuel Damaqge Release Release Isotope Percent of Source Inventory
Ho Fuel Damage Halogen Spiking Gas Gap I 131, Cs 137 Less than 1
Tramp Uranium Rb 88
Initial Cladding ] Gas Gap Less than 10
Failure
Intermediate Clad Burst and Gas Gap Xe 13Im, Xe 133. 10 to 50
Cladding Failure > Gas Gap Diffusion I 131, 1.133
Release
Major Cladding Gas Gap Greater than 50
Failure _
Initial Fuel Pellet * Fuel Pellet Cs 134, Rb 88, Less than 10
Overheating Te 129, Te 132
Grain Boundary
Intermediate Diffusion Fuel Pellet 10 to 50 -
Fuel Pellet .
Overheating _
Hajor Fuel Pellet Diffusional Relecase Fuel Pellet Greater than 50
Overheating From UO2 Grains
Fuel Pellet Melt ] Ffuel Pellet Less than 10
Intermediate Fuel Escape from lolten  Fuel Pellet B2 140, La 140 10 to 50
Pellet Melt Fuel . La 142, Pr 144
Major Fuel Pellet Fuel Pellet Greater than 50
Melt




where:

Pj = steady reactor pcwer in geriod j

tj = duraticn of period j

0 . L ’
tj = tire frem end of pericd j to reactor shutdeown

Comparison of Measured Data with Source Inventory

The total quantity of fission products available for release to the
environment obtained in step 7.7.4 is ccmecared to the source inven-
tory corrected for plant pcwer history obtained in step 7.8.2. This
ccmparison is made by dividing the two values for each isotcce and
calculating the percent of the corrected source inventcry that is
ncw in the sampled fluid and therefore available for release to the
environcent. Enclosure 12 is provided as a worksheet,

CORE DAMAGZ ASSIZSSMENT
The conclusion on core damage is macde using the three parameters
deveioped above. These are:

1. IdentiTication of the fission product isotcres which most
charactaerize a given sampie, step 7.3.

2. Identification of the source of the release, step 7.56.

3. Quantity of the fission prcduca available Jor release to the
envircnmant expressed as a cercent of source inventory, step
7.9,

Knowledgeable judcement is used to compare the above three para-
meters to the definitions of the 10 NRC categories of fuel damage
found in Enclosure 1. Core damace is not anticipated to take place
unitormly. Theretore when evaluating the three parameters listed
atove the prccedure is anticipated to yield a combination of one or
more of the 10 catecories cefined in Enclosure 1. These categories
will exist simultaneously. -

The tvpe of core damage is described in terms of the 10 iH2C
catscories cefined in Enclosure 1. The degree of core damage is
descrited as the percent of the fission products in the source
inventory at the time o7 the accident which is now in the sampled
fluid and thereiore available for release to the environment.
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ENCLOSURE 1
Radioloqical Characteristics of HRC Cateqories of Fuel Damage

Release of Characteristic

HRC Category of Hechanism of Source of Characteristic Isotope Expressed as a
Fuel Damage Release Release Isotope Percent of Source Inventory

1. Ho Fuel Damage Halogen Spiking Gas Gap I 131, Cs 137 Less than 1

: Tramp Uranium fb B8

2. Initial Cladding Gas Gap Less than 10
Failure

3. Intermediate E>C1ad Burst and Gas Gap Xe 13Im, Xe 133 10 to 50
Cladding Failure Gas Gap Diffusion I 131, 1.133

Release
4. Major Cladding Gas Gap Greater than 50
o Failure -
R 5. Initial Fuel Pellet Fuel Pellet Cs 134, Rb 88, Less than 10
, Overheating Te 129, Te 132
Grain Boundary ;

6. Intermediate Diffusion Fuel Pellet 10 to 50 -
fuel Pellet
Overheating .

7. Major Fuel Pellet Diffusional Release Fuel Pellet Greater than 50
Overheating From U02 Grains

8. Fuel Pellet Melt ] fuel Pellet Less than 10

9. Intermediate Fuel Escape from Molten Fuel Pellet Ba 140, La 140 10 to 50
Pellet Helt Fuel La 142, Pr 144 .

10. Major Fuel Pellet Fuel Pellet Greater than 50
Melt
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ENCLOSURE 2
SAMPLE LOCATIONS APPROPRIATE FOR CORL DAMAGE ASSESSHENT

SHUTDOMN
ACCIDENT SCENARIO RCS CONTATHMENT COUTATHMENT COOLING
Lhow . HOT_LEG . Sunp ATHOSPHERE _SYSTen

Small Break LOCA,

Reactor Pouer >1% Yes ——— Yes Yes
Small Break LOCA,

Reactor Power <19 Yes -——— --- Yes
Small Steam Line Break Yes - -—— -——-
Large Break LOCA,

Reactor Power >1% Yes Yes Yes. Yes
Large Break LOCA,

Reactor Power <1% -—— Yes Yes ) Yes

Large Steam Line Break " Yes --- Yes -

Steam Generator Tube
Rupture Yes --- Yes c—-




ENCLOSURE 3 -“)

m

CORD OF SAMPLE specirfic ACTIVITY

Sempie Humber:

Locaticn:

Time of Analysis:
|
Temperature, °F: ‘

Pressure, PSiG:
Aeei,ie, uCi
Sample Activity, /cc:

Kr 87

Xe 13im

Xe 133 )
é o







hl

‘ ENCLOSER

RATIO OF H,0 DENSITY TO H,0 DENSITY AT
TP vs TEMPERATURE

m

700

600 —
500 |~

7 400L.

300}~

200

100 —

1 ] t t

0p 0.25 0.50 0.75 1.0
PACT/PSTP
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WCLOSURE 5

RECCRD OF SAMPLE TEMPERATURE CCRRECTICH

Sample Number:
Location:

Time of Analysis:
Temperature, °F:

Pressure, PSIG:

Measured Specific Activity

uci

Isotoce (Enciosure 3). /ce

Xr 87
Xe 131m
Xe 133

I 135
Cs 134
Rb 88
Te 129
Te 132
Sr 89
Ba 140
La 140
La 142

Pr 144

C-16
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ENCLOSURE 8
RECCRD OF RELEASE QUANTITY

Reactor Ccolant Containment Sump Ccntainment Total
Sample lumber, Sample HNumber, Atmosphere Sample Quéncit}
Isotczce Ci - Ci Humber , Ci Ci
Kr 87
Xe 13lm
Xe 133

I
[
I
I
Cs
Rb
Te
Te
Sr

Ba ig

La
La
Pr




LEVEL, FT

26

25

24

23

22

21

20

19

ENCLOSURE 9
CONTAINMENT BUILDING VATER
LEVEL vs VOLUME

This is an exampdle.

{ | ! ! {

A specific

curve is required for each nlant.

20,000 30,000 40,000 50,600 60000 70,000 50,000
’ * VOLUME, FT3

90,000
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ENCLOSURE 10

Semple Number:

Location:

Steady State 20 Days Power Level:
Steady State 4 Day Power Level:

Fuel Pcwer Equilibrium Corrected
History Correction x Source = Scurce
Isotece Greupina Factor Inventory= Inventory
Gas Gao
[nventory .
Kr 87 2 6.3(0)
Xe 13im 1 4.3(4)
Xe 133 1 1.3(7)
[ 131 1 6.7(5)
I 132 2 7.0(3)
1133 2 6.7(8)
I 133 2 1.1(¢€)
fuel Pellat
Invencory
Xr 87 2 3.1(7)
Xe 13im 1 4.6(3)
Xe 133 1 1.5(8)
[ 13 1 7.3(7)
I 132 2 1.0(8)
[ 132 2 1.5(3) -
I 135 2 1.3(8)
Cs 134 1 1.9(7)
Rb 83 2 4.5(7)
Te 129 2 2.4(7)
Te 132 1 1.0(8)
Sr 8¢ 1 6.1(7)
Ba 140 1 1.3(38)
La 140 1 1.3(8)
La 142 2 1.6(8)
Pr 134 2 9.1(7)

* Plant specific values should be substituted here frem Tables 3-4 and 3-5 of
Section 3.3. Example here is for 2550 Mwt class.
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ENCLOSURE 11
RECCRD OF TRANSIENT PGWER CORREZTICN

Sample Jlumbder:

Locatien: .
Prior 30 Day Power History: Power % Buraticn, Ravs
Power Correction X Equilibrium Source _ Corrected Source
Isotcee Factor Inventorv> - Inventorv

Ges CGao lnventerv

Kr 87 6.3(0) :
Xe 131 4.3(2)
Xe 133 1.3(7)

1131 6.7(6)

1132 7.0(3)

1133 6.7(6)

I 135 1.1(5)

Fuel Peilet Invantory

Kr 87 3.1(7)
Xe 121 4.6(5)
Xe 133 1.5(2)
1131 7.2(7)
1132 1.0(8)
1133 1.5(8)
[ 138 1.3(3) -
CS 1.}" 109(7)
Rb S8 4.5(7)
Te 129 2.4¢7)
Te 132 1.0(3)
Sr 89 6.1(7)
Ba 140 1.2(8)
La 140 1.3(8)
La 142 1.8(38)
Pr 144 9.1(7)

* See footnote on Enclosure 10.
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nCLOSURE 12

Total Quantity Power Correctad
. Available For Release : Source Inventory, x 100 = .
Isotcoe (Enclesure 8), Ci Ci (Enclosure 10 or 11) Percent

Gas Gao Inventorv

Kr 87
Xe 131
Xe 133
I i3l
[ 32
[ 133
I 135

135 .

Fual Pallet Inventorvy

Kr 87
Xe 131m:
Xe 133
I 131
I 132
I 133
I 133
Cs 134
Rb 88
Te 129
Te 132
Sr 89
Ba 140

A
A
e

—
[«%
r— e ot

da $o
- O
A
\
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APPENDIX C.1

USZ OF THE PROCEDURE
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EX~MPLE
‘ The follewing is an example of the use of this 'brocacure for assessment o7
‘ o core damace. Tne specific case sited is for an NSSS of the 2280 Mwt class.
Trhe data reccrced cn plant condition at the time of the sample analysis is as

folicws:

Reactor Coolant System: Pressure 16C0 PSIG
Temperature 300 °F
Reactor Yessel Level 100 %
Pressurizer Level 80 3
Ccntainment auii'ding: Pressure 0.5 PSIG
Temperature 220 °F
Sump Level : 21 feez
/ »
‘ Prior 20 Day Pcwer Histery Pcwer, Percent Curaticn. Davs
75 22
€0 17
100 2
‘Time of reactor shutdcwn 01C0 on 12/25/82
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EXAMPLE

| ENCLOSURE 3 “)
‘ RECCRD OF SAMPLE SPECIFIC ACTIVITY

Semple Mumber: 1
Location:  RCS Hot Leg
Time of Analysis: 12/25/&82 0400
Temperature, °F: 300
Pressure, PSIG: 1600

ci

Semple Activity, "“'/cc:

Kr 37
Xe 1312 1(+2)

_Xe 133




'




EXAMPLE

ENCLOSURE

)

RECTRD OF SAMPLE SPECIFIC ACTIVITY
Sample Number: 2
Location: Containment Sump
Time of Analysis: 0300 12/25/82
Temperature, °F: 150

Pressure, PSiG: 0.5

Serple Activity, "©/cc:

-
r—
)
n~no

[—
r—t
(53]
(93]

1(0)

r—
-
(98]
w,n

Cs 134

Rb 88 -
Te 120 1(+1) '

Te 132

Sr 89

Ba 140

La 140

La 142 1(-1)

Pr 144
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RECCRD OF S

Sampie lumber:
Location:

Tire of Analysis:
Temperatu}e. °F:

Pressure, PSIG:

Sample Activity, uc.'/cc:

Kr 87
Xe 131a

Cs 124
Rb 83

Te 129
Te 132
Sr 89

Ba 140
La 140
La 142
Pr 144

3

Containment Atmosphere

iCLOSURE 3
PLE SPECIFIC ACTI

0600 12/25/82

220
0.5

1(-1)
1(-1)

1(-3)
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ENCLOSURE 5
RECORD OF SAMPLE TEMPESATURE CCRRECTIGH

Sample MNumber: 1
Location: RCS Hot Leg
Tize of Analysis: 12/25/82 €400 ’
Temperature, °F: 300

Pressure, PSIG: 1600

teasured Specitic Activity Correction Specific Activiy

Isotose “(Enclosure 3), “C1/cc Factor 0 's7o, ¥Ci/ce
Kr 87
Xe 13la
Xe 133 . 1(+2) 1/0.9 1.1(<2)
1131 1(=a) 1/9.9 1.1(-¢)

I 132

1133 1(+2) 1/0.9 1.1(+2)

[ 133
Cs 134
Rb &3 -
Te 129 1(+3) 1/0.9 1.1(+3)

ie 132
Sr 89
Ba 140
La 140
La 142 1(+1) 1/0.9 1.1(+1)
Pr 144
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Samplie MNumder:
Location:

Time of Analysis:
Temperature, °F:

Pressure, PSIG:

ENCLOSURE S

RECORD OF SAMPLE TEMPEZRATURE CCRRECTICH

2
Containment Sump
0sC0 12/25/82

1

wn
(3, o

0.

Measured Specivic Activity

Isotce

(Enclosure 3). ¥“Y/cc

Kr 87
Xe 131m
Xe 133
[ 131
1.132
I 133
I 135
Cs 124
’b 88
Te 129
Te 132
Sr 89
Bz 140
La 140
La 142
Pr 144

1(-5)
1(-2)

1(0)

1(+1)

1(-1)

EXAMPLE

Correction Specific Activity
Factor @ ST?P. HCi/cc
N/A 1(-5)
HIA 1(+2)
/A '1(0)
H/A © 1(+1)
/A 1(-1)




Sample iumber:
Location:

Time of Analysis:
Temperature, °F:

Pressure, PSIG:

Measured Specific Activity

"lcotooe (Enclosure 3).

3

Containment Atmosphere

06C0 12/25/82
220
0.5

ENCLOSURE 5
RECCRD OF SAMPLE TEMP

pci

URE CORREICTIGH

Correction

Faces

EXANMPLE

Specivic Activity

e sTP. *“V/ec

Cs 134
Rb §8

Te 129
Te 132
Sr 8¢9

8a 140
La 140
La 142

Pr 144

1(-1)
1(-1)

1(-3)

1(+1)

1(-1)

1.3
1.3

1.3

/A

/A

-t
(&
-
'
’
~

1(+1)




The containment atmoschere specitic activities must bte corrected for

temperature and pressure.

The correction factor caicuiation is performed as follows:

.
14.7 1y . (147 680°R, _
(=7 &) = (w70 Gezr) = 13

This value is recorded cn Enclosure 5.
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EXaMPLE

", ENCLOSURE &
6 RECCRD OF CECAY CORRECTICH
Time of Reactor Shutdewn, Step 7.1.4: 12/25/82 01C0
Semple iHumber: 1
Lecation: RCS Hot Leg
‘ Time of Analysis: 12/25/82 0400
- Decay Specific Activity Decay Corrected
Constant, @ STP (Enclosure 5), Specific Activity,
Isotoce 1/sec kC e Ml /e
Kr 87 1.5 (-3)
Xe 13in 6.7 (-7
4 Xe 123 . 1.5 (-8 1.1(+2) 1.1(+2)
‘ I 132 9.9 (-7 1.1(=4) 1.1(+4)
I 132 8.8 (-3
1133 9.3 (-6 1.1(+2) 1.2(#2)
I 135 2.9 (-5)
Cs 139 1.1 (-8)
Rb 88 6.5 (-5 ‘ .
Te 129 1.7 (-3) 1.1(+3) 6.9(+3)
Te 132 2.5 (-6
* Sr 89 1.6 (-7
Ba 140 6.2 (-7)
La 140 4.8 (-5)
La 142 1.2 (-4) 1.1(=1) 4.0(+1)
A Pr 144 6.7 (-4)
‘I'l .
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Time of Reactor Shutdcwn, Step 7.1.4:

Isotoce

Kr
Xe
Xe
I
I
I
I

87
131a
133
131
132

142
144

ENICLOSURE 6

RECCRD OF DEZCAT CORRECTICH

Sermple iumder: 2

Location:

Timg of Analysis: 0500 12/25/82

‘Decay

Censtant,

1.5 (-4)
6.7 (-7)

1.5 (-6)

9.9 (-7)
8.4 (-5)

Specific Activity

@ ST? (Enclcsure 5),

i
uel,ec

12/25/82 01C0

Containment Sump

1(-5)
1(+2)

1(0)

1(+1)

1(-1)
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m

Cecay Corrected

Specific Activity,

uC1/cc

1(-5)
1{+2)

1(0)

1.2(+2)

5.6(-1)







Time of Reactor Shutdcwn, Sten 7.1.4:

Cs

Rb &

Te
Te
Sr
Ba
La
La
Pr

[
€.
W

p—
no
0

Constant,

1/sec

2.
1.
6.

.5

.7

[
o

* a
~J [94) — O (3% ] S W0

w

6
3

Tim

Decay

(=3)
(-7)
(-6)
(-7)
(-5)
(-6)
(-5)
(-8)
(-4)
(-4)
(-6)
(-7)
(-7)

4.8 (-6)
1.2 (-4)
6.7 (-4)

Sample tlumber:
Location:

e of Analysis:

Specitic Activity

@ STP (Enclosure 5),

EXANP

m

o

12/25/82 0100
3
Containment Atmosphere

0600 12/25/82

Decay Corrected

Specific Activity,

uci puci

/cc /cc

1.3(-1)' 1.2(-1)
1.3(-1) 1.2(-1)

1.3(-3) 1.5(-3)
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®

EXAMPLE

Decav Correcticns ' ->

RCS

Xey3pr  1.1(+2) : e” (1.5(-6)] (3) 36C0

I 1.1(+4) : o~ [2-9(-7)] (3) 3600

1342 1.1(+2) + e~ [9.3(-6)] (3) 3600

T, = 1.1(+3) + e” [1.7(-4)] (3) 3600
129

Lal42; 1.1(+1) = e~ [1.2(-4)] (3) 3600

Containment Sumo

Xejgst  1(-5) : e [1.5(-6)] (4) 3600 _

o- [9.9(-7)] (4) 3600

s 162) s -

RIS 1(0) = e~ [9-3(-6)] (4) 3600 _

T, & 1(+1) + e (1.7(-8)] (4) zsc0 _
129

La, s, }(-1) ¢ e [1.2(-4)7 (3) 36c0 _

Ccntainment Atmosohere

1.3(-1) + ™ [1.5(-6)] (5) 3600

Xey 33t
1111: 1‘3(_1) s e' [9.9(-7)3 (5) 3600
1133: 1.3(_3) : e‘ (9-3('6)3 (5) 3600

These values are recordead on Enclcsure 6.
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1.1(+2)

1.1(+4)

1.2(+2) T,
6.9(+3)

4.0(+1)

1(-5)
1(+2)
1(0)

1.

5.

2(+2)

6(-1)

1.3(-1)
1.3(-1)
1.5(-3)
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ELCLOSURE 7

RECORD OF FISSION PRODUCT RELEASE SOURCE INENTIFICATION

Sample Humber: 1

Isotope
Kr 87
Xe 13Im
Xe 133
[ 131
1132
I 133
I 135

* Noble Gas Ratio =

[odine Ratio

Loration: RCS Hot Leg

Decay Corrected

Specific Activity

) IICi

(Enclosure 6)," '/cc

Calculated

Isotope Ratio*

Fuel Pellet

_lnventory

0.003
1.0
1.0
1.4
2.0
1.8

Decay Corrected Hoble Gas Specific Activity

" fecay Corrected Xe 133 Specific Activity

Decay Corrected Todine lIsotope Specific Activity
Decay Corrected T-131 Specific Activity

Activity Ratio
In Gas Gap

0.003
1.0
1.0
0.01
0.5
0.17

Ex. .E

ldentjficd

Source
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ENCLOSURE 7
RECORD OF FISSION PRODUCT RELEASE SOURCE IDENTIFICATIOH

Samp]é Number: 2

Location: Containment Sump .

Decay Corrected

Specific Activity Calculated Fuel Pellet Activity Ratio
Isotope (Enclosure 6)."Ci/cc Isotope Ratio* Inventory - In Gas Gap
Kr 87
Xe 131lm -~ - 0.003 0.003
Xe 133 1(-5) 1 1.0 1.0
[ 131 1(+2) 1 1.0 1.0
132 - -- 1.4 0.01
I 133 1(0) 1(-2) 2.0 0.5

I 135 -- -- 1.8 0.17

Decay Corrected-lloble Gas Specific Activity
Decay Corrected Xe 133 Specific Activity

* ftloble Gas Ratio =

Decay Corrected lodine Isotope Specific Activity
Decay Corrected 1-131 Specific Activity

JTodine Ratio

- \.—\“/ ) ‘ \/

@ .

Identified

Source

NA
NA

Gas Gap




L N
CLCLOSURE 7°

RECORD OF FISSI0N PRODUCT RELEASE SOURCE IDENTIFICATION

Sample Humber: 3

Location: Containment Atmosphere

Decay Corrected

Specific Activity Calculated Fuel Pellet Activity Ratio
Isotope (Enclosure G)J"Ci/cc Isotope Ratio* _Inventory In Gas Gap
. kr 87 '
:% Xe 131m -- -- 0.003 0.003
O Xe 133 1.3(-1) 1 1.0 1.0
11317 1.3(-1) ! 1.0 1.0
1132 -- -- 1.4 0.01
I 133 1.5(-3) 1.2(-2) 2.0 0.5

I 135 -- -- 1.8 0.17

Decay Corrected loble Gas Specific Activity
flccay Corrected Xe 133 Specific Activity

* Hoble Gas Ratio

Decay Corrected lodine Jsotope Specific Activity

- v o o S——

Pecay Correcled [-T31 Specitic Activily

Iodine Ratio

n

EXS

Identified

Source







ENCLOSURE
RECGAD OF RELEZASE

EXAMPLE

Reactor Ccolant Centainment Sump Containment Total
Sarmple umber, Sample Humber, Atmosphere Sample Quantity

Isotope Ci Ci Humber |, Ci Ci

Kr 87

Xe 131m -- -~ -- --

Xe 123 2.5(+4) 1.1(-2) 6.9(+3) 3.2(+4)
I 121 2.3(+6) 1.1(+5) 6.9(+3) 2.6(+6)
I 132 T - -- - -

1 133 2.8(+4) 1.1(+3) 8.0{+1) 2.9(~4)
I 135 -- -- -- --

Cs 134 -- -- -- --

Rb &8 -- - -- -- ‘ :>

Te 129 1.5(-35) 1,3(+3) -- 1.6(+5)

Te 132 -- -- -- --

Sr 89 -- -- -- --

Ba 140 -- ~-- -- --

La 140 - -- -- -— -

La 142 9.2(+3) 5.8(+2) -- 9.8(+3)

Pr 1434 -- -- -~ --
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EXAMPLE

Yolume cocrrections to S7r:

o3

2CS [RCS volumegr, = 9300 23 x .87 ¢3 i

8178 ft° = 2.3(8) ccl

Xeyppr  1.1(+2) *cc x 2.3(8)ce x 1(-6) “Vici = 2.5(+4)
. P 1.1(+4) "“cc x 2.3(8)ce x 1(-6) T/uci = 2.5(+6)
| a3 1.2(+2) **/cc x 2.3(8)cc x 1(-6) Ci/iei = 2.8(+4)
Tegr  6.9(+3) *cc x 2.3(8)ce x 1(-6) “Vuci = 1.6(+5)
La,,r  4.6(+1) *Yec x 2.3(8)ce x 1(-6) “Vuci = 9.2(=2)

e ]
Centainment Sumo [(8 21' 40,C00 ft¥ = 1.1(2) cc) See Enclosura @

Xe, 44t 1(-3) x 1.1(9) 1(-8) = 1.1(-2)

13
» Iy;pr 1(%2) x 1.1(9) 1(-6] = 1.1(+5) -
(' I 538 1(0) x 1.1(9) 1(-6) = 1.1(=3)
T, 1.2(#2) x 1.1(9) 1(-6) = 1.2(-3)
129
L2yt 5.6(-1) x 1.1(9) 1(-8) = 5.8(+2)
(o]

Containment Atmoschere {volume 8 STP 7.1 x 1010 cC x IA.Z4T/O.5 gég = 5.3 x 10%0 cc
Xeyqs: 1.3(-1) x5.3(10) x 1(-8) = 6.9(+3) .
Iyay 1.3(-1) x 5.3(10) x 1(-8) = 6.9(+3)

: I a5t 1.5(-3) x 5.3(10) x 1(-6) = 8.0(+1)

These values are recorded on Enclosure 8.
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LEVEL, FT

26

25

22

21

20

giicLosuRs 9

CONTAINMENT SUILDING WWATER

!

LEVEL vs VOLUME

1 ]

1

EXANPLE

|

g .
20,000 30,000

40,000

50,000 60,000
VOLUME, FT3

C-+2

70,000

80,000

90,000




EXAMPLE

3

ENCLOSURE 11
RECCAD OF TRAINSIENT POWER CORRECTION

Semple ilumber: 1, 2, 3
Lecation:

Prior 20 Day Power Histery: Power % Quration., Davs
75 22
50 17
1GO 2

Power

Pcwer Correction _ Equilibrium Source _ Corrected Source
Isotoce Factor X Inventery B Inventory

Gas Gap Inventony

Kr 87 .

Xa 13inm - - -

Xe 133 0.63 1.3(7) 8.1(5)
1 131 0.63 6.7(5) 4.2!%)
[ 132 . - -- --
I 133 .91 6.7(5) 6.1(5)
1135 -- -- --

Fuel Pellat lnventory

Kr 87
Xe 131a -- - --
Xe 133 0.€3 1.5(8) 9.4(¢)
[ 131 0.53 7.2(7) 4.6(7)
I 132 -- -- -
I 133 .91 ] 1.5(8) 1.4(28)
[ 135 -- -- -- - .
Cs 134 -- - . -
Rb €8 -- { - -
Te 129 1.0 2.4(7) - 2.4(7)
Te 132 .- -- --
Sr §9 -- -- --
8a 140 - - -
La 140 -— - .
La 142 1.0 1.6(8) 1.6(8)
Pr 144 -- -- . -
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bv-2

‘III ; ' | L ) : 1!lr}LE

POUER CORRECTION FACTORS

= . .
£ P. (1-e-*tj) et

: - ]
Povier Correction Factor 760

For Xe133 the Power Correction Factor is calculated as follows:

59 (12 t5)e M) = 75(1oe-[1-5(-6)101.9(46)]y (~[1.5(-6))(1.5(+6)]; , gor1_o=(1.5(-6)1(1.5(+6)),
J

(e-[l.S(-G)][l.7(*5)]) + ]00(1_0'[1-5('6)][1.7(*5)])((30) = 63.6

3,6
0

o
100

Power Correction Factor = = 0.636

The remaining isotopes are calculated in the same manner; the results are recorded in Enclosure 11,







~

@.

Gas Gan Inventorv

Isotoce

EXAMOLE

ENCLOSURE 12
RECCRD OF PERCENT RELEASE

Total Quantity Power Correctad
Available For Release = Scurce Inventorv, x 1C0 = Lt
(Enclosure 8), Ci Ci (Enclosure 10 or 11) Percent

Kr
Xe
Xe

[

I
I
I

87

131
133
131
132
132

-~ -
-
ldnl

n [aSWRY
. . o
N
—~~
-+
o))
S

~ N
C
o
te .
<

o

w

O SO

o

(2]
$as

(Yol
[ o]
-~ 1
-’h
(93]
L
-
o
[ o2 T |
”~~
[eb]
S
S,
o!
yod
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The follcwing resuits are cencluded: —”)

(1) The characzeristic fissicn products are ! 131 and Te 129

o
-t

(2) The source jodine release is princiﬁa]]y frem the fuel rod gas gap.

»

(2) 62 percent of the fuel rod gas gap I-131 inventory is available for

release to the environment.

6.7 percent of the Tuel pellet Te-129 inventory is available for release

to the envircnment.
Based on these three pieces ¢f information and the characteristics of the ten
categories of core damage described in Enclosure 1 the follcwing conclusicn is j)
drawn,

Cenclusicn:

The core damage is estimated to te Major Fuel Cladding Failure with concurrent

~

Initial Fuel Pellet Overneatirng. -
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APPENDIX 0.0

PRCCECURE GUILELINE FOR

ASSESSHENT OF CORE DAMAGE
USING HYCROGE!N

D-1
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1.0

2.0
2.1

2.2

2.3
3.0

4.0
4.1

PURAPOSE j

REFZRENCES

This prccecure is to be followed uncder post accident plant
conditions to determine the extent of fuel clad damage which may
have occurred. It utilizes hydrocen measured in samples obtai-~d
with the Post Accident Sampling Sys;em (PASS). The measured
hydrogen is related to the amount of fuel clad oxidation. Clad
oxidaticn is in turn related to clad damace which is expressed in
terms of the percent of fuel rods which are ruptured and the percent
which are embrittled. The resulting observation of damage is
describted by one or more of the ten categories of core damage in
Enclosure 1.

-

Development o7 the Ccmorehensive Procedure Guideline for Core Damage
Assessment, C-t Cwners Group Task 467, May, 1GE3.

Post Acc;dent Sampling System Operating Prccedures. (Plant Specific
Cocument

NUREG Q737 Item II.B.2.
DZFINITICHS

exceecs ine etternal ccolant pressure and the clad yield strength is
reduced beczuse of elevated temperatures. Clad rupture results in
release of casscus fissicn products frcm the gas g2p anc gessibly
scme fragments of fuel peliets but does not otherwise cesiroy the
structure ci the tuel assemdly.

Clad Rupture: The fuel clad ruptures when the internal gas pressure j)

Clad Ecbrittlement: At temperatures above »he rupture temperature

signiTicant coxigation of th:z clad occurs. f the oxidation exceecs
the embrittlement threshold, fragmentas..n of emdrittled clad may
subsecuantly cccur from uherﬂa1 shocn, nydraulic pressure forces or
handling such that the structure of the fuel asserbly is destroyed
and substiential fuel pellet fragments are released to the coolant.

PRECAUTIONS AiD LIMITATION

The assassment cf core darace obtained by using this procedure is
only an estimate. Thne technigues empioyed in this prececure are
only accuraza to lcca._ the core condition within one or more of the
10 catacories of ccre damace in Enclosure 1. The procedure is based
on hydrccen data. Other plant indications may be availzble which
can imprcve ugen estimaticn of core damace. These include
radiolcgic sampie charac:er15u1cs inccre temperature indicaters,
and containment radiation monitors. Mhenever possible these
additional indicators should be factored into the assessment.

a ) ’
\..5\_/
/
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1.0

2.0
2.1

2.2

2.3
3.0

4.0
4.1

PURPQSE 3

oxidaticn is in turn related to clad damace which is expressed in

REFZRENCES

]

This prccecdure is to be followed uncder post accident plant

conditions ©0 deternine the extent of fuel clad dawage which may
have occurred. t utilizes hydrocen measured in sanples obtai-rd
with the Post Accident Sampling System (PASS). The measured ‘
hydrogen is related to the amount of fuel clad oxidation. Clad

terms of the percent of fuel rods which are ruptured and the percent
which are embrittled. The resulting observation of damage is
described by one or rore o. the ten categories of core damage in
Enclosure 1.

Development of the Cocmorehensive Prccedure Guideline for Core Damage
Assessment, C-& Cwners Group Task 467, May, 1GE3.

Pest Accident Sampling System Operating Prccsdures. (Plant Specific
Cocument)

WUREG 0737 Item II.B.Z.

exczecs tne external ccolant pressure ana the clad vield strength is
reduced beczuse of elevated temperatures. Clad rupture results in
reiease o7 casscus fissicn products frem the gcas gap anc pessibly
scme fragments of fuel peliets but does not otherwise cesiroy the
structure ci the fuel assembly.

Clad fuoture: The fuel clad ruptures when the internal gas -pressure j)

Clad Embrictiement: t temperatures above the rupture temperature

signiticant oxsaation of ti: clad occurs. If the oxidation exceeds
the embrittlement threshold, fragmentaz,.n of emdrittled clad may
subsequently cccur from »hermal sbocn, hydraulic pressure forces or
handling such that the structure of the fuel assembly is destroyed
and substentizl fuel pellet fragments are releasec to the coolant.

-
Y

PRECAUTIONS AiD LIMITATION

The assa2ssment ¢f core da amage obtained by using this procedure is
oniy an estimate. Tne technigues employed in this prccedure are
only accuraza to locata ‘he core condition within one or nore of the
10 categories of core damace in Enc\osure 1. The procedure is based
on hydregcen cata. Other plant indications may be available which
can improve ugen estimaticn of core damace., These include
rad1o]cc1c sarole characteristics, inccre temperature indicaters,
and containment radiation monitors. ‘henever possible these
additicnal indicators should be factored into the assessment.
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4.2

4.3

4.5

4.6

This procadure relies upon hydrocen samples taken frcm the contazinment
atmosphere and the reacicr ccolant systam hot leg. Those samples

may ccntain a mixture of hydrogen generated within the core by clad
oxidaticn and also hydrcgen frem radiolytic dissociation of water

and oxicdation of aluminum and zinc in the containment. The estimate
oi clad damage is influenced by the amount of hydrocen generated by
ex-core sources and by the ability to identify plant conditions
conducive to such hydrogen generation. Therefore, a hydrogen
rmeasurement is not a unique indicator of the amount of core clad
oxidation. )

There are large areas of aluminum components in the containment
building of some plants. This aluminum would oxidize rapidly at
temperatures about 200°F and would be consumed within about two
hours. The remainder of the aluminum and other oxidizing material
react at a rate determined by temperature and over a longer time.

- In the procedure 211 of the short term transient hydrogen is

generated within the first two hours and is adced to the slower
accumulation as a function o7 time. Hence, in ccntainments with
larce areas of rapidly reacting aluminum, the prccedure is valid for
hydrocen samples taken after about two hours with temperatures about
2C0°F, or after the short term oxidation is ccmplete.

This procedure yields estimates of the percentages of fuel reds with
ruosured clad and embrittled clad. Simulterecus with embrittling of
the clad, there may be clad melting and pellet overneating
occurring. This prccedure provides an estimate o7 only the
percentace of rods which have procressed to at least clac ruglure or
clad embrittiement, and does not attempt to predict the physicai
contiguration of those rods which have prcgressea beyend lecai clad
fragmentation.

Cecending on the accident scenario, a given total amount o7 hydrogan
produced by oxidation of fuel clad can represent varyina local
amounts and distributions of clad damage. This procedure attiempts
to bias the damace estimates such that the results represent lcwer
limit estimates of clad demage. Actual damage could be greater,
depending on plant specific details and on the accident scenario.
This procecdure is applicable under conditions for which there are no
voids measurable by the Reactor Vessel Level Monitoring System. - It
is assumed that if such voids had been found, their removzl would be
acccmplished by using the Reactor Vessel Vent System as prescribed
elsewnere in the acticns to mitigate the consequences of accidents.
Hcwever, if the hydrogen samples are taken under conditions in which
measurzble void does exist, a guideline for analysis is provided in
the adcendum attached to this procedure to estimate the contribution
of that source to bte added to the total hydrogen measured.
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6 5.0

5.1
5.2
5.3

5.4
5.5
5.6
5.8
5.9
‘ 5.10
5.11

5.12
6.0

7.0
7.1
7.1.1

INITIAL PLANT CCHDITICHNS AND SYMPTCMS

This procedure is to be employed for analysis of hydrogen sample
data when it is determined that a plant accident with the potential
for core damage has occurred. The following is & list of plant-c
symptems to assist in this determination. This list is not a
ccmplete representation of all events which may cause core damage.
One or rmore o7 these symptoms may exist at or before the time the
semple is cbtained. Uncer these conditions, sampling should be -
performed using the Post Accident Sampling System.

High alarm on the containment radiation monitor.

High alarm on the CYCS letdown radiation monitor.

High alarm on the main condenser air ejector exhaust radiation
monitcr.

Pressurizer level low.

Safety Injection System may have automatically actuated.
Possible high quench tank level, temperature, or pressure.
Possible noise indicative of a high energy line break.
Decrease in volume control tank level.

Standby charging pumps energized.

Unbalanced charging and letdcwn flow.

Reactor Ccolant System s&bccoling low or zero or superheated.

PRERECUISITES -

An operational Post Accicdent Sampling System with the capadility to
obtain and analyze the ccncentration of hydrogen in fluid samples
which have the potential to be highly radioactive. The system mT
should meet the recquirements of KUREG-0737 Item I1.8.3, Reference
2.3.

PROCZDURE

Record the Following Plant Indicators

Core damage can occur following reactor trip only when the coolant
level within the reactor vessel drops below the top.of the active
fuel. Several instrument records are available from which an
estimate of the core uncovery and recovery times might be made. The
instruments are: .

0-6







7.1.2

7.1.3

7.1.4

7.2

7.3

Reactor Vessel Level Monitoring System
Core E£xit Therm ocouple Temperature
Core Exit Thermocouple Saturation Margin ) .

Record date frcm these instruments according to the instrucszicns on
the worksheet of Enclosure 2.

The magnitude of Reactor Coolant System (RCS) pressure during the

core unccvery period can influence the number of early clad

ruptures. Interpret the data frcm Step 7.1.1 to determine the best
estimate for the time period of core uncovery and deteramine the

range of RCS pressure during this time period. Record on the
Enclosure 2 worksneet, o

The presence of some subccoled inlet flow while the core is
uncovering can slow the uncovery and cause greater lccal clad
oxidation for a given total amount of core oxidation, therooy
leading to a greater underestimate of the number of damaced rcds
predicted by this procedure. Observe available instrument reccrés
to determine if there was some reactor vessel inlet flcw during the
rising temperature portion of the core uncovery pericd. Inclucde net
flcw {rem charging and letdown systems, HPSI, LPSI, sprav, etc.
Reccrd the data on the Enclosure 2 workshe-..

Record the conditicns in the containment and the reactcr ccolant
system at the time the hydrogen samples are obtained in Step 7.2
follcwing. Enter on the worksheet of Enclosure 3.

Obtain a ligquid sample frcm the RCS hot leg and a gas sample frem
the ccntainment atmosphere and analjze them 7or hydrocen
cencantration using the procedures for Post Accicent Sampie System
operation described in Reference 2.2. Record the results cn the
worksheet of Enclosure 3. Follow the instructions on Enclosure 3 to
obtain the total amount of hydrogen measured in units of cubic feet
of hydrcgen at standard temperature and pressure,

The total measured hydrogen in Step 7.2 includes the hydrogen
generated by three processes: 1) core clad oxidation, 2) radiolysis
of water and 3) oxidation of containment materials such as aluminum
and zinc. The amount of hydrogen generated by the last two precesses
is calculated and then subtracted from the total measured to yield
the amount generated by core clad oxidation.

Enclosure 5 is a worksheet for calculating the amount of hydrogen
generated by oxidation of materials within the containment. It
utilizes measured data for the containment temperature as a function
of time up to the sampling time and a plant snecific curve of the
rate of production as a function of ccntainment temperature in
Enclosure 6. Recerd the data required on Enclosurs 5 and complete
the indicated calculations to obtain the cubic Teet of hydrogen at
STP generated by containment materials oxidation,

2
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7.4

7.4.1

7.4.2

7.4.2.

7.4.3

7.5

7.6

7.7

1

The hycdrocen cenerated by radiolysis is a function of operating
power anc cecay time. Record the data required cn the worksheet of
Enclosure 7, and utilize the curve of Enclosure 8 to obtain the
cubic feet of hydrecgen at STP generatad by radiclysis. The
appropriate power is determined as follows:

For the case in which the operating power is ccnstant or has not
changed by more than =10 percent for a period greater than 30 days,
that power is used. )

For the case in which the power has not remained constant during the
30 days prior to the reactor shutdown engineering judcement is used
to determine the most.representative power level. The following
guidelines shculd be considered in the determination.

The average power during the 30 day time period is not necessarily
the most representative value for determining radiolysis by fission
progucts.

The last power levels at which the reactor operated should weigh
rmore heavily in the judgement than the earlier levels.

Continued operaticn for an extended period should weich more heavily
in the Judcenent than brief transient levels.

For the case in wh1ch the reactor has produced power for less than
30 days, the procedure may be employed. However, the estimate of
hydrogen frem radiolysis will be too high and thererore the
calculated hydrcgen by core oxication will be tco lcw. FKence an
underprediction of core damace may result.

Enter the amounts of hydrogen frcm Steps 7.2, 7.3 and 7.4 on the
worksheet of Enclosure 9. Subtract the amounts in 7.3 and 7.4 frcm
7.2 as indicated on the worksheet to yield the cubic feet of
hydrogen cenerated by core clad oxidation. Adjust with the plant
specific censtant as shcwn on the worksheet to cbtain the estimatad
percent of the core clad which is oxidized.

Enter the abscissa of the curve on Enclosure 10 with the percent of.
core clad oxidized frem Step 7.5. Use the curve labeled with the
pressure closest to but creater than the RCS pressure during the
core uncovery period as cbtained in Step 7.1.2 and recorded on
Enclosure 2. Read on the ordinate of Enclosure 1G, the percent of
fuel rods with ruptured clad. Reccrd on the worksheet of Enclosure
9. Note that the sensitivity of measurement of hydrogen is
cemparable to the range of cxidation on Enclosure 10. Hence, small
amounts of clad rupture are not reliably predicted by this
procedure, .

Enter the abscissa of the curve on Enclosure 11 with the percent of
core clad oxidized frcm Step 7.5. Read on the ordinate the lower







7.3

7.8.1

~1
(Te]

and uocer velues of the range indicatad by the curve for the percent
o7 Fuel rods which have embrittled clad. Record on the worksheet of
Enclosure 9.

For a given percent oxidaticn of the core clad, the lcwer limit
estimate of embrittled clad in Step 7.7 is, 7or most accident
scenarios, the least amount of potential fuel structural failure.
Actual values are probably greater. The upper limit of the range in
Step 7.5 may be interpreted as follows:

When the pressure during uncovery, frcm Step 7.1.2 and recorded cn
Enclosure 2, is less than about 100 psia, a rapid core uncovery by
blewdewn is concluded. Heatup with minimum clad oxidation occurs.
The extent of potential clad structural failure by melting may be
greater than the upper linit of embrittlerent frcm Sten 7.7 as
determined by oxidation. Hence, use the upper limit frcm Step 7.7.

When there is inlet flcw while the core is unccvering, the rate of
unccvery is slower than assumed in the derivation of the curves on
Enclcsures 10 and 11. For a measured total amount of oxidation, the
local percentage oxidation is prcbably greater along a shorter
length of the upper portions of the fuel. Hence, favor the upger
Timit from Sten 7.7.

CORE DAMAGE ASSEISSHMENT

The conclusion on core damace is made using the two results frem
above, These are:

1. Percentace of fuel rods with ruptured clad, Step 7.5.

2. Percentace of fuel rods with exbrittled or structurally damaced
clad, Stepn 7.7.

Knewledgezbie judcement is used to ccmpare the above two rasults to
the definitions o7 the 10 HAC catecories of fuel damage found in

Enclosure 1. Core damage dces not take place uniformly. Thereiore
when evaluating damage using these results, Enclosure 1 may yield a

ccmpinaticn of categories o7 damace which exist simultanecusly, -~ ..

0-9 '




ot-o

® | ® ¢

ENCLOSURE 1
CLAD DAMAGE CHARACTERISTICS OF INRC CATEGORIES OF FUEL DAMAGE

NHRC Cateqory Temperature Hechanism Characteristic Measurement Percent of
of Fuel Damage Range (°F) of Damaqe Heasurement Range Damage Rods
1. Ho Fuel Damage 750 tlone ‘ v - © -- Less Than 1}
2. Initial Cladding N Rupture Dhe to Haximum Core * <1550°F* Less Than 10
Failure Gas Gap Exit .
Overpressurization Thermocouple
3. Intermediate E> 1200-1800 - Temperature <1700°F* 10 to 50
Cladding Failure
4. Major Cladding <2300°F
Failure — <2% Greater Than 50
Oxidation
5. Initial Fuel Pellet Loss of Structural Amount of Equivalent Core Less Than 10
Overheating Integrity Due to Hydrogen Gas Oxidation
;> Fuel Clad Produced <3%
6. Intermediate 1800-3350 Oxidation (Equivalent to
Fuel Pellet - , ’ % Oxidation <18%. 10 to 50
Overheating _ of Core)
7. HMajor Fuel Pellet 265 Greater Than S0

Overheating

Nepends on Reactor Pressure and Fuel Burpup. Y. $iven for Pressure <1200 psia and Burnup 0. )

A ./




Step 7.1.1

Time period of core uncovery.

K& UNCCOvYERY COnDIviCH

recorded instrument data.

Ins<rurent

Reactor Vessel Level
Monitoring System

Core Exit Thermoccuple
Tercerature

Cere Exi
q e

e!‘
Saur: vargi

<
cn

Swaen 7.1.2

Estimated
Core Uncoverv Time

Lower Limit Elevation
Uncovers.,
Time

Start of Continuous
Rise or Exceed 6£0°F.
Tire

Termzerature

Star: of Superheat.
Time

internret above data to obtain best estimate

Ccmpleta the follcwing table using

Estimated
Core Recovery Time

Lower Limnit Elevation
Reccvers.
Time

Rapid Temperature
Drcp to Saturaticn.
Tim

Terperature

Return to Saturaticn
or Subccoling.

Time

e

for time pericd o7

ccre uncovery and obtain pressurizer pressure rance during that

reriod.

The superheat derived frcm the therwoccuoie temperature

.anag correspending system pressure is considered 2s the best
incicator ror core uncovery during toiloi¥ and shculd te usad, tut
_ sheuld te cempared with the other ingicators to heip icentify

ncssible ancmalies.

The pressure during unccvery is used later on

Enclosure 8, Step 7.6, to determine the apprepriate curve for
assessment of the number of clad ruptures.

Tire

Pressure

i

Core Uncovervy

Cora Pacoverv

Ster 7.1.3 Estimace vessel inlet €low rates cduring core uncovery heatup
period, up to approximately the time of peak core exit thermo-

ccuple temperature.

ilet inlet flow indicates that procedure

may have adciticnal bias which underpredicts clad damace.

Charging Flow Rate

Letdcwn Flow Rate

HPSI Flow Rate
LPSI Flicw Rate

Other Inlet Flows

i
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ENCLOSURE 3
SAHPLING CORDITIONS AN

e

MEASURED HYCRCEEN

tep 7.1.4 Ch-:.n the 2CS and ccntainment conditicns at the time of sampling

for hydrocen,

Reactor Coolant System Containment
Sampling Time Atmosphere Pressure psig
Pressure psig Atrmosphere Temperature °F
Temperature °F Has Hydrogen Reccmbiner Yes/ilo
Operated
Reactor Vessel
Coolant Level % Does Pressure or Temcera-
ture History Indicate a
Pressurizer Level % Hyarogen Burn Yes/lo
Step 7.2  Hydrogen Semple Data Reduction,
Cont. Sample Cont.. Vol. (32 + 460) (Nonnal Temp.) Ft3 Hydrogen
(Vol. %/100) (£+~) + 460 at SiP
X X 492

Hot Leg Samole RCS Yol.  Density Ratio , 1600 F+” Hvdrecen
(cc/ka @ S72) (£+°) (Enclosure &) ° at ST?
X X 3 100 =
Total =

Also reccrd total on Enclosure 9.

0-12
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ENCLOSURE 4

RATIO OF H,0 DENSITY TO H,0 DENSITY AT
$TP vs TEMPERATURE

1 1 | !
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ENCLCSURE 5 )

HYDROGEN GENERATZD IN CONTAINMENT

Step 7.3 Rerord th+ :ontainment temperature at seleczed time intervals and
calcuiate the hydrogen generatac¢ by oxication of containment
materials utilizing the plant-specific prccuction rates froem
Enclosure 6.

1 2 3 3 5.
Avg. Containment H, Prcd. Rate
Time at Start Interval Temp. During (<7 /br, HZ Produced =
of Intervals  Duration (hr) Interval (°F)  Enclosure 6) 2 x 4

Accident Starts

Sempling Time

Long Term KEydrcgen Production in Containment, Total =

f:3 @ s7P
Stort term rapid hydrccen precucticn by containment &'uminum .
(Teble 4-3, Secticn 4.3)
Total Hydrogen Production in Containment SCF
Record total on Enclosure 9 also. '.i)‘
1
)
4
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RATE OF HYDROGEN PRODUCTION, SCF/HR

8000
7600
7200
6800
6400
6000
SECO
52C0
<800
4200
4060
3600

3200

2000
1€00
1200

800

400

ENCLOSURE 6
HYDROGEN PRODUCTION RATE FROM ALUMINUM AND
ZINC vs TEMPERATURE FOR ST. LUCIE UNIT 2

This is an examole of a plant specific
— curve. See Ficures 4-26 through 4-31:
for other plancs.
e
' | t 1 1 ] 1 i
100 120 140 160 180 200 220 240 260 280 300
TEMPERATURE,°F
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ENCLOSURE 7
HYDRCGZN GENZRATED BY RADICLYSIS

Steon 7.4 Reccrd the follcwing data ¢ u
o

-
v
determine the hvdrccen cererated by radiolysis.

Prior 30 day power history Power, Parcent Duration, Davs

ilize the curves of Enclosure 8 to°

Power to use in evaluating long term hydrocen precuction by

radiplysis = (Full Power, Mwt) x .

: Reactor Trip Tinme hrs
Sampling Time (see Enclosure 3) ' hrs
Decay Time (Sampling Time - Trip Time) hrs

Enter abscissa cn Enclosure 8 with 2bove decay time and read two values of
hydrocen produced by radiolysis, one from eacn curve, in cubic fee: of
hydrocen at STP per MWt operating power. Muitiply by above power and record
as follews:

Hydrccen Prcduced % Operatiﬁg - Total Hydrocen

Limit Curve _{sC7/xat, Enclosure 8) Pouer Preduced (SCF)
Upper
Lewer

Using results frcem Radiologiczl Damace Assessment Prccedure estimate which
resulss should be used; upper limit for major 7uel overheat, lower limit for
initial fuel overheat or appropriate estimate between the two curves for
intermadiate fuel cverhe2t. Circle cerresponding value of hydrogen above and
also recordé on Enclosure 9.
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ENCLOSURE 9 j

DAMAGE ASSESSMENT FROM

rn

‘I" CCR

BYSRCGIN MEASURIMENT
Step 7.5 Hydrcgen Measured, Step 7.2, Enclcsure 3 ) SCE

Hydrocen Prccduced in Centainment, Step 7.3,
Enclosure 5 ‘ SCF

Hydrocen Prcduced by Radiolysis, Step 7.4,
Enclosure 7, -SCF

Subtract Sten 7.3 and 7.4 frem 7.2 to Get
Hydrogen Procuced by Core Cled Oxidaticn . SCF

Divice by (= SCF/1% Clad Oxicized)

(74
2

% Core Oxidized

Step 7.6 Enter abscissa cn Enclosure 10 with "% Ccore Oxidizad" and read
ordinate frcm curve iabelec with pressure during core uncovery 2s
given cn Inclosure 2, Step 7.1.2. Reccrd here Percent of fuel Rods

with Ruptured Cied e
Step 7.7 Enter abscissa on Znclosure 11 with above "% Core QOxidized" and read :>
ranga o7 vaiues cn orcinate. Recgrd here :

Percenz of fuel recds embritiled

Rance - Upger %

- Lewer %

Step 7.8 Review Step 7.1 and Bases sections to cdetermine which of these
limits is more likely o be representative of the core damage.

Step 7.9 Frca Enclosure 1 s2 re clad damage categories based on the

above percantages o ured and rods embrittled.

. (*) Plant Specific Factor frcm column 1, Table 4-2 of Section 4.5,

. »
* \,/
..
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% OF RODSWITH RUPTURED CLAD
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g0

60

40 |

20

ENCLOSURE 10

PERCENT OF FUEL RODS WITH RUPTURED
CLAD vs CORE CLAD OXIDATION

GR E TEMPERATURE

/ 1800°F

WHEN THE PRESSURE
INSTE2 7.1.2 1S

USE CURVE LABELED
WITH TEMPERATURE

-

| < 100 PSIA 1200°F
E < 1200 PSIA 1500°F
) < 1630 PSIA 1200°F
/ | | ! )]
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% OXIDATION OF CORE CLAD VOLUME
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% OF FUEL RODSWITH LOCAL OXIDATION EMBRITTLEMENT

ENCLOSURE 11
% OF THE FUEL RODS WITH OXIDATION EMBRITTLEMENT vs
TOTAL CORE OXIDATION
FOR 195 TO 3% DECAY HEAT AND 200 PSIA TO 2500 PSIA
WHEN CCOLANT LEVEL DROPS BY BOILOFF WITH
NO INLET FLOW UNTIL CORE IS RAPIDLY QUENCHED

100 —
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o, OXIDATION OF CORE CLAD VOLUME
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ACCEHDUM TO APPENDIX D.O

ESTIMATION OF AMCUNT OF HYDRCGEH
[it REACTOR VESSEL HEAD VOID
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1.0

2.0
2.1

2.4

3.0

(73]
.
[

3.2
3.2.1

PURPOSE

‘LIMITATICHS

S

The purcose of this addendum is to prcvide a guicdeline for an
analytical prccedur2 to calculate the amount of hvdrogen cas -
conzained in a void in the top of the reactor vessel. This hydrocer
is added to the measured amount in Step 7.3 of the procacdure to
determine the total hydrcgen generated by all sources.

[] .

»

The preferred method of determining the amount of hydrccen in the
primary system is to sample liquid from the hot leg when the system
is full, However, if the system cannot be filled, a procedure basad
on this addendum could be used to estimate the hydrcgen which is in
the vessel void and which would not be evident from the hot leg
liquid sample. ’

This cuideline applies when the coclant level is above the hot leg
and the remainder of the primary system is filled. Verification that
the steezm cenerator tutes are filled can be provided by the existence
of natiral convecticn flow in the primary system. If the ccolant
level is below the hot leg, the guidelines of this addencum co not
apply.

A reactor vessel level monitoring system is recuired which'can

provide the coolant level. The voiume of the void is obtaired by

relating the volume in the vessel above the coolznt level to the :)
value of level for each specific reactor vessel desicn,

This cuideline provides the analyticzl means for only an estimate of
the hycdrcgan ccntained in the void. The presence of other cases
including helium, nitrecen and Fissicn product ceses will add
uncertainty to the result,

PEOCIOURE

The follcwing is @ cuideline for an analytical preccecdure to be

followed to estimate the emount of hydrogen contzined in a void in

the top of the reactor vessel. Calculational details and plant T
specific information must be inciuded to implerent this guiceline.,

Determine the conditicns of the void as vc¢llicws:

V = Void volume (F:”) derived frcm measurement of ccolant level
TL = Temperature of licuid 2t coolant surface (°F)
P51t = Water saturation pressure at temperature TL
pto- = Reactor coolant system pressure (psiz)

first approximaticn is mace assuming the following:

The partial pressure of vagor iq the void is assumed equal to
saturation pressure at the liquid temperature, TL. This implies no .i>

1
.
’

0-22




ab




@.

(8]
Se
[]

3.5

3.6

heating of the void cas by the reactor vessel walls and head. They
ars normally at reactor cutlet temperature and could remain ehove
the tempgerature of the void causing the vapor to be sugernheatad.

A1l the non-condensible gas in the void is hydrcgen. This imnlies
no heiiium or vission product gas from ruptured fuel rods and no
nitrccen frcm Satety Injection Tanks. A seccnd approximaticn which
eliminates this assumpticn is given in 3.4.

«

Calculate the amount of hydrogen as follcws:
P =P, . . |
H2 tot sat

Fe3

o o vy 2y, 402
Hy @ 577 = M7 )

Add this a2mount to the total hydrogen in Step 7.5 of Appendix D.0.

A seccond approximation can be made in plants with a C-£ designec
PASS wnhich measures both total cas and hydrocen which are cissoivec
in the hot leg ligquid sample. This aporcximation incluces th
follcwing assumpntions regarding the reiative solubilities of ne
non-ccncdensible casas in the ligquid,

The cases are assumed to have the same values of Heary's lew
censtant which relates the partial pressure of gas 2 the 2rcunt cV
gas dissolved in the liquid sampie at equilitrium.

When the dissolved ¢as is not in equilibrium with the cas in the
void, the dissolved concaentrations are in the same reiative
proporticn as it equilibrium did exist.

The partial pressurza of hydrocen is calcuiated frem

P,

i, = (Prot = Psad) (cc/kg)HZ

2

(Ccl&g)total
and the amount of hydrccen in the vessel head void is calculatead
using the equaticn above in 3.3.

This procedure can be extencded to include specific values of Henry's
law constants but the assumption of equilibrium at the gas liquid
interiace would still be questicnable. Also, to utilize detailed
values of the gas constants, the individual gases in the sample
viould have to te identified and measured. This would require
acditional measurement capability.
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)

EXANPLE

ine {olicwing is an example of the use of the prccedure for assessment of clad
damace by utilizing the tot2l amount of hydrccen cereration. The specific
case cited is for the 2580 Mwt class of reactor. ngngxtxes in t e examole

ara selected for an accident equivalent to that used in the exampie for core
dazmace assessment based con radiolegic characteristics and given 1n Appendix .
C.i1. This example consists of a set of ccmpleted worksheets given in the
prccedure apd the accempanying figures and plant specidic informaticen.

0-25
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ENCLOSURE 1-

CLAD DAMAGE CHARACTERISTICS OF HRC CATEGORIES OF FUEL DAMAGE

HRC Category
of Fuel Damaqe

Temperature
Range (°F)

. Mechanism
of Damaqe

Characteristic
Measurenent

Measurement
Range

®

EXAMPLE

Percent of
Damage Rods

Ho Fuel Damage

Initial Cladding
Failure

Intermediate
Cladding Failure

Major Cladding ]

Failure
Initial Fuel Pellef ]
Overheating

Intermediate
Fuel Pellet

~750

> 1200-1800

> 1800-3350

Overheating ]

Major Fuel Pellet
Overheating

1
L]

Hone

Rupture Due to
Gas Gap

Overpressurization

Loss of Structural
Integrity Due to
Fuel Clad
Oxidation

Maximum Core
Exitl

Thermocouple
Temperature

Amount of
Hydrogen Gas
Produced
(Equivalent to
% Oxidation

of Core)

<1550°F*
<1700°F*

n,
<2300°F
22
Oxidation
Equivalent Core
Oxidation

<31
<18%

265%

Less Than 1

Less Than 10

10 to 50

Greater Than 50

Less Than 10

Greater Than 59

) - . ar - ~ . ]
". epends on Reactor Pressuve and Fueil suraup. i\ _y:iven vor Pressure <1200 psia and Burnup >0. - )
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wCOVERY CONDITIONS

EXAMPLE

Sten 7.1.1: Time period of ccre uncovery. Ccmplete the follcwing table using
recorded instrument data. ’

Instrument

Reactor VYessel Level
Monitoring System

Core Exit Thermoccuple
Temperature

Ccre Exit Tbe**cccuple

Saturaticn Margin

Step 7.1.2

Estimated
Core Uncoverv Tire

Lower Limit Elevation
Unccvers.

Time 02C0 on 12/25/82

Start of Continuous
Rise or Exceed €€0°F.
Time 02:0
Terperaiure :cu°r

Start of Sugerheat.
Time Q208

Estimated
Core Recovervy Time

Lower Limit Elevation
Recovers.
Time 0235

Rapid Temperature
Drop to Saturation.
Tire 0235 .
Temperature 3532°F

Return to Saturatican
or Subccoling.
Time 0232

Interpret above data to obtain btest estimate for time period of

core uncovery and obtain pressurizer pressure range during that
pericd. The superheat derived frcm the thermoccuple temperature
and corresponding system pressure is consxdered as the best
indicator for core unccvery during boiloff 'and should be used, bu:

shculd te cc
possible ancra\1es.

Enciosure 8, Step 7.6,
assessment oi the number of clad ruptures.

Tire

Pressure

Cora Uncovery

mpared with the other indicators to help identify
The pressure during uncovery is used later cn
to determine the appropriate curve for

Core Reccverv

0235
200

Step 7.1.3 Estimate vessel irlet {low rates during core uncovery heatup
pericd, up to apprcximataiy the time of peak core exit thermo-

ccuple temperature,

et inlet flow indicates that procadure

may have additicnal bias which underpredicts clad damage.

Charging Flow Rate 0 GPM
Letdown Flcw Rate 0
HPSI Flow Rate 0
LPSI Flcow Rate 0

Q

Other Inlet Flcows




EMCLOSURE 3 N
AMPLING CONDITIONS AND MEASUZED HYDRCGIM "’

Step 7.1.4 (*=2in the 2CS and containment cenditions at the time of sampling
for hydrogen. '

Reactor Coolant Systen Containment

Sampling Time 0:C0, 12/25/82 Atrosphere Pressure 0.5 psig

Pressure 1600 psig Atmosphere Temperature 220 °F

Temperature 300 °F Has Hydrocen Recombiner Mo
Operated

Reactor Vessel

Coolant Level 100 % Does Pressure or Terpera-
ture History Indicate a

Pressurizer Level g0 % Hydrecgen Burn No

Step 7.2 Hydrcéen'Sample Data Reduétion.

Cont. Samole % Cont.3Vol. x (32 + 660) (Norma] Temp.) - Ft3 Hydreogen
(vol. %/1€0) (Ft>) i + 260 at STP
0.005 x 2.5x10% x _ ac s 560 = 10.500 i)
Hot Leg Samole % RCS gol. « Censity Ratio ., 1000 _ F:3 Hydrogen
(cc/ka @ S7P) (Fe2) tnclosure 4)  ° at ST7
1200 X ¢G0 X 0.9 : 1CC0 = 10,2290
Total = 20,8CO

Also record total on Znclosure 9.
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EXAMPL

tep 7.3 Reccrd the rontainment temperature at selected time intervals and
calculaze the hydrccen cenerated by oxidation of containment
materials utilizing the plant-specific precuction rates frem
Enclosure 6.
1 2 3 4 5
Avg. Containment H, Prnd. Rate
Time at Start Interval Temp. During (fe~/hr, H2 Prcduced =
of Intervals  Qurztion (hr) Interval (°fF) Enclosure 6) 2 x4
Accident Starts
0iC0 2£/60 300 7CQ0 2920
0125 20/¢€0 220 24500 800
015 15/¢0 250 1600 450
02C0 1.0 250 1460 14C0
©02C0 1.0 220 700 700
Sampling Time
Long Term Hydrcgen Production in Containment, Total =
6300
Short term repid hydrcgen prcduction by centainment aluminum .
(Table 4-3, Secticn 4.5) 5200

Total Hydrogen Prcduction in Ccntainment 11,600 SCF

Record total on Enclosure 9 also. :>\
/l
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RATE OF HYDROGEN PRODUCTION, SCF/HR
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FIGURE 4-28 .
HYDROGEN PRQCUCTION RATE FRONM ALUMINUNM AND
ZINC vs TEXPERATURE FOR ST. LUCIE UNIT 2
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EXAMPLE

ENCLOSURE 7
HYCRCGEN GENERATED BY RACIOLYS!S

Sten 7.4 Record the. fpllcwing data an? .tilize the curves of Enclosure 8 to -
determine the hycrcgen cgenerated by radiolysis.
Prior 30 day power history Power. Percent Duration, Days
75 22
50 17
100 2

Pcwer to use in evaluating long term hydrcgen producticn by

radiolysis = (23¢80) «x 0.5 .

Reactor Trip Time ‘OICO hrs
Semoling Time (see Enciosure 3) 0260 hrs
Cecay Time (Sampling Time - Trip Time) 3 hrs

.

Enter abscissa on Inclosure 8 with above decay time and read two values of
hydrccen preccucad by radioiysis, one frcm each curve, in cubic feet of
hydrocen at S7? per Mat cperating pewer. HMultiply by ebove power and record
as folicws:

Hvdrccen Prccuced Cperating _  Total Hydrccen

Limit Curve (SCZ/Mvt. Enclosure 8) % Pcuwer Produced (SEF)
Upper 0.2 1220 512
Lower 0.1 1280 128

Using results frcm Radiological Demace Assessment Procedure estimate which
resuits should be used; upper limit 7or mejor fuel overheat, lower limit for
inizial fuel overheat or apcrepriate estimate between the two curves for
intermediate fuel overheat. Circle corresponding value of hydrocen above and
also record on Enclosure 9.
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SPECIFIC RADIOLYTIC HYDROGEN PRODUCTION, SCF H,/M\V
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SPECIFIC RADIOLYTIC HYDROGEN PRODUCTION vs TIME
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EXAMPLE

EHICLOSURE 9
CORE DAMAGE ASSESSHENT FRCM
HYDRGGEN MEASUREZMENT

Step 7.5 Hydrocen Measured, Step 7.2, Enclosure 3 20.800 SCF_

Hydrocen Prcduced in Centainment, Step 7.3,
Enclosure 5 11.6C0 SCF

Hydrocen Prcduced by Radiolysis, Step 7.4, :
Enclosure 7, 130 SCF

Subtract Sten 7.3 and 7.4 frem 7.2 to Get
Hydrcgen Prccuced by Core Clad Oxidation 9.1C0 SCF

Civicde by (2830* SCF/1% Clad Oxidized)

2 %

% Core Oxidized

Step 7.6 Enter ebscissz on Enclosure 10 with "% Core Oxidized" and read
orcinate from curve labeled with pressure during core uncovery as
given on Enciosure 2, Step 7.1.2. Record here Percent o7 fuel Rods
with Ruptured Clad ~1C0 2.

Step 7.7 Enter abscissé cn EZnclcsure 11 with above "% Ccre Oxidized" and read
rance of values cn orcdinzte. Record here

Percent of fuel rcds embrictled

Range ~ Uprer 22 %

- Lewer 6 %

Step 7.8 Review Sten 7.1 and 3ases sections to determine which of these
limits is rmore likely to be representative of the core damage.

Sten 7.9 Frem Enclosure 1 select the core clad damage categories based on the

above percent2ges of rods ruptured and rods embrittled.

The assessment yields catecery 4, 4aJor Clad Failures with category 5, Initial
Fuel Pellet Overheating. Secauce of slcw core uncovery and mocerate pressure,
lower limit of % rcds emtrictled is selected.

* Frcm Column 1, Table 4-2 of Section 4.5,
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% OF RODSWITH RUPTURED CLAD
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ENCLOSURE 10

PERCENT OF FUEL RODS WITH RUPTURED
CLAD vs CORE CLAD OXIDATION

EXAMPLE

RUPTURE TEMPERATURE

1S00°F

1800°F

YWHEN THE PRESSURE
1M STER 7.1.211S

USE CURVE LABELED )
WITH TEMPERATURE |

<100 PSIA 1200°F
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% OF FUEL RODSWITH LOCAL OXIDATION EMBRITTLEMENT
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ENCLOSURE 11
% OF THE FUEL RODS \WITH OXIDATION EMBRITTLEMENT vs
TOTAL CORE OXIDATION »
FOR 1% TO 3% DECAY HEAT AND 300 PSIA TO 2500 PSIA
WHEN COOLANT LEVEL DROPS BY BOILOSF WITH
NO INLET FLOW UNTIL CORE IS RAPIDLY QUENCHED
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APPENDIX E.O

PROCZDURE GUIDELINE FCR ASSEZSSMENT OF
CORE DAMAGE USING CORE.EXIT THEZRMOCCUPLES

E-1




1.0
2.0
3.0
4.0
5.0
6.0
7.0

€nclosure

Enclosure

Enclosure

153}
(@)
X

UTICHS ARD LIMITATIONS
INITIAL PLANT CCHDITION/SYMPTOMS
PRERECUISITES

PRCCZDURE

LIST OF ENCLCSUR2ES
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1.0

2.0
2.1

4.0
4.1

4.2

PURPOSE

This procedure is to te followed uncer post accident plant -
ccnditions to determine the number of fuel rods with ruptured clad.

It provides and estimate of damace up to abcut the time when the

peak core temperature reaches about 23C0°F. At that time mos: of °

the rods probably have ruptured clad but little other structural
degradation has occurred. Therefore this procecure applies to the .
relatively less severe accicdents althcugh it may be used for other
accicents to ccnfirm that damage exceeds this minimum amount. The
resulting-observation of core damage is describted by categories 1
thrcugh 4 of the ten NRC categories in Enclosure 1.

REFERENCES

Development of the Comprehensive Prccedure Guidelines for Core
Damage Assessment, C-& Cwners Group Task ¢67, May, 1¢83.

(Appropriate plant specific document which describes capabilities
and operaticn of Inadequate Core Cooling Instirumentation including
Core Exit Thermocouples.)

Generic Thermal-Hydraulic Functional Desicn Cbjectives for Inadeeuate

Core Cooling [nstrumentation, CE-iPSD-1G69, prepared for the C-&
Cwners Group.

Clad 2uozure: Clad rupture is defined as & bre2k in the fuel rod

ciaa &t ieast sufficient to release the internal gas pressure.
Rupture may be preceded by ballocring of the clad if the internal
gas pressure exceeds the external coolant pressure during an
accident, and the temperature is higher than normal.

PRECAUTICHS AND LIMITATION

The assessment of core damage obtained by using this prccedure is

only an estimate. The techniques employed in this procedure are

only accurate to locate the core condition within one or more of the.

10 categories of core damace described in Enclosure 1. The procecure

is basad on core exit terperature data. Other plant indications mey

be available which can improve upon estimation of core damage. .
These include radiologic sarple characteristics, the total quantity

of hydrogen released ircm zirconium degradation and ccntainment

radiation monitors. Yhenever possible these additicnal indicators

shculd be factored into the assessment.

The assessment of damace provided by this procedure.extends up to
the time of clad rupture on most of the fuel rods. This time occurs
early in very severe core uncovery accicents. More severe core
damage cannot be quantified by this procedure.

v -
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4.3

5.0

5.1
5.2
5.3

wn
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w
O

5.10
5.11
5.12
6.0

The reiaticnship between the core exit thermoccuple tamcerature and —\>
the clad temperatiure varies with the core uncovery scenario. This s
prccecura applies to slow core uncovery by toilof? of the coolant.

For other more rapid uncovery scenarics this prccecdure cculd yieid @ °~
very low estimate of the number of ruptured rcds. In cereral, for—

core uncovery at pressures below about 12G0 psia there is high

confidence that at least the predicted estimate of rods are actually
rupiured.

HITIAL PLANT CONOITIONS AND SYMPTCHMS

This procedure is to be employed for analysis of core exit
thermocouplie data when it is determined that a plant accident with
the potential for core damace has occurred. The following is a list
of piant symptcoms to assist in this determination. This list is not
a ccmplete representation of all events which may cause core damage.
One or more of these symptcms will exist at or before the time the
core exit thermoccuple recorded temperature is utilized to estimate
damage.

High alerm on the containment radiation monitor,
High alarm on the CYCS letdewn radiation monitor.

High alarm on the main condenser air ejecter exhaust radiation

monitor, :)

Pressurizer level low.
Safety injection System may have autcmatically actuated.

Possible high quench tank level, temperature, or pressure. -

Possible noise indicative of a high energy line break.
Cecrezse in volume ccntrol tank level,

Standby charging pumps energized.

Unbalanced charging and letdown flow.

Reacter Coolant System subccoling low or zero.

PRERECUISITES

An operational inadequate core ccoling instrumentation system which
includes core exit thermoccuples and which can select and permanently
reccerd the highest thermoccuple-temperature for convenient, later
inspection. A system which satisfies the requirements for core exit
thermoccuples in Reference 2.3 is adequate.

.
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7.1.2

7.
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Obtzin the follewing frcem the instrument recordings:

Frcm the recerding of maximum core exit thermoccuple temperature .as
a function o7 time, obtain and record on Enclosure 2 the maximum -
temcerature and the time it occurs.

Frem the recording of reactor coolant system pressure as a function’
of time, obtain and record on Enclosure 2 the pressure during the
pericd of maximum thermocouple temperature. ,

Select the curve on Enclosure 3 which is labeled with a pressure
approximately equa] to or greater than the pressure in Step 7.1.2.
Enter the abscissa at the maximum temperature frcm Steo 7.1.1 and
read on the ordinate the percent of the fTuel rods which have
ruptured clad. Record on Enclosure 2.

The result in 7.2 is probably a lower limit estimate of damage.
Scme judcement on the bias is available as follcws.

This procedure applies most directly for relatively slcw core
unccvery with a maximum temrcerature belcw the rapid oxication
temperatures at about 18C0°F and above. A smooth ccre exil
thermoccuple recording and an uncovery curaticn c¢f 22 minutes or
longer are indicators for a good predicticn of clad rugtures.

If the pressurz in 7.1.2 drcps to less than about 1CO0 psia within

less than abeout two minutes of accident initiaticn, a larze breax
indicatad. This causes uncatectad core heatuo .ollcaeo h/ flasnin
during refill. Oepending on the rate of refill, the thermoccuole

|£’ -—ta

- temperature may rise rapidly then quench when ;re ccre is reccvered.

This prccedure could yield a very low estimate for the gpercent of
rods rupturead.

If the pressure in Step 7.1.2 is above about 1620 psia, it coculd
exceed the rcd internal gas pressure degending on recd burnup,
causing clad collapse onto the fuel pellet instead of outward clad
ballconing. The clad rupture criteria are less well defined for --

such conditions, but at temperatures above 12C0°F where the highest'

pressura curve applies on Enclosure 3, clad failure sufficient to .
release fissicn gas is likely and this prccecdure may be used to
obtain estimates of damage,.

CCRE DAMAGE ASSESSHENT
Use the percant of rods ruptured frcm Step 7:2 and the rlaed damage
characteristics of Enclcsure 1 to determine the HRC.categcory of

cladding failure. This procedure vields damage estimates in
categories 2, 3 or 4,

E-5
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ENCLOSURE 1
CLAD DAMAGE CHARACTERISTICS OF NRC CATEGORIES OF FUEL DAMAGE

HRC Category Temperature Mechanism Characteristic Heasurement Percent of
of Fuel Damage Range (°F) of Damage lleasurement Ranqge Damage Rods
Ho Fuel Damage ~750 Hone ‘ ) == B -- Less Than 1
Initial Cladding Rupture Due to Maximum Core <}1550°F* Less Than 10
Failure Gas Gap Exit
Intermediate 1200-1800 Overpressurization Thermocouple <1700°F* 10 to 50
Cladding Failure ” Temperature
Major Cladding <2300°F
Failuse ’ <21 Greater Than 50
— ) Oxidation
Initial Fuel Pellet Loss of Structural Amount of Equivalent Core Less Than 10
Overheating Integrity Due to Hydrogen Gas Oxidation
: Fuel Clad Produced <37
Intermediate ;> 1800-3350 Oxidation . (Equivalent to <18%
Fuel Pellet 1 Oxidation
Overheating of Core)
Hajor Fuel Pellet 265% Greater Than 50

Overheating

t
1

*_ apends on Reactor Pressure and Fuel Buraup. Y \_/ﬁi\eﬁ 7or Pressure <1200 psia and Burnup >0.' )
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Sten 7.

2

.
(4N ]

ENCLOSURE 2
RECCRD OF TEMPERATURE PRESSURE AlD

DAMAGE ESTIMATE

Record the following data
Maximum Core Exit Thermocouple Temperature
Time of Maximum Temperature

Reactor Coolant System Pressure at Above Time

Frem Enclosure 3, at maximum thermocouple temperature and at

aporopriate pressure

read percent of ruptured rods.

Ccmme&% cn prchable bias of result in 7.2 (see paragragh 7.3 in

text). .

HRC cateqgery of cladding failure frem Enclosure
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PERCENT OF FUEL RODSWITH RUPTURED CLAD

WHEN THE PRESSURE

INSTEP 7.1.2 1S

ENCLOSURE 3
PERCENT OF FUEL RODS WITH RUPTURED CLAD vs
MAXIMUM CORE EXIT THERMQOCOUPLE TEMPERATURE

USE CURVE LABELED

WITH TEMPERATURE

<100 PSIA 1200°F
< 1200 PSIA 1500°F
< 1650 PSIA 1800°F
100 _
801~ 1200°F
CLAD RUPTURE
TENMPERATURE
60
1500°F *
sl
1800°F
20}~
0 ! ! ! 1
1200 1400 1600 1800 2000 2200

MAXIMUM CORE EXIT THERMOCOUPLE TEMPERATURE
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EXAIPLE

The follcwing is an example of the use of the prccecdure for assessment of clad
darage by utilizing the maximum temperature reccrced {rom the core exit

thermoccuples. The
Quantities in the oxample ere selected for an accident equivalent to that used

in the example 7: core damage essessment based on radiological characteristics
and ¢iven in Apgendix C.l. This example consists of 2 completed worksheet

given in the procedure. ’

E-10

specific case cited is for the 2580 Mwt class of reactor.
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Sten 7.1

ten 7.2

Sten 7.9

EXANPL

m

. ENCLOSURE 2

Record the following data . )
Maximum Core Exit Thermocouple Temperature 20C0 °F
Time of Maximum Temperature 0230 on 12/2%/82
Reacter Coolant §ystem Pressure at Above Time 200 osia

Frem Enclosure 3, at maximum thermocouple temcerature and at
apprepriate prassure -

read percent of ruptured rods. Q5

IR

Ccmment cn probaeble bias of result in 7.2 (see paragragh 7.3 in
text). Coolant prassure <11C0 psia for curve, so estimate is low.
Unccvery pericd long ccmpared to CET delay time so temcerature
reoresents steem closely. Rod temperature is actually higher than
£7 temcerature, but the estimate would not change much with a 3C0°
increase, Cecnclude that predicticn is a gocd estimate of actual
clad failures.

#RC catagory of cladding failure 7rcm Enciosure 1,
Catagory 4, Major cled Taiiure.







APPENDIX F.0
PRCCZCURE GUIDELINE FGR ASSESIMENT

OF CORt CAMAGE

USING RADIATICH DOSE RATES
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1.0
2.0
3.0
4.0
5.0
6.0
7.0

Enciosure 1

Enclosure 2

PURPOSE

REFERENCES

DEFINITIGIHS

PRECAUTIONS ARD LIMITATICH

INITIAL PLANT CCNDITICH AND SYMPTGMS

PRERZQUISITES

PRCCEZCURE

7.1 Record of Plant Condition
7.2 Plant Power Correction
7.3 Decay Correcticn

7.4 Assessment of Core Damace

LIST OF ENCLOSURES

Damace

F-2

Radiolcgical Characteristics of NRC Catecories

Pos:t Accident Dose Rate Inside the Ccn

Suiiding F-c




2.0
2.1

2.2

3.0
3.1

4.0
4.1

DEEINITIONS

™

This preccedure is to be follewed under post accident plant
cenditions to determine the type and degree of core damace which may
have occurred by using raciation dose rates measured insicde the
containment building using the wicde rance radiation monitor. The
radiation dose rate is related to the quantitative release of
fission preducts frcm the core expressed as the percent of the
source inventory at the time of the accident. The resulting
observation of core damace is described by one or more of the ten
categories of core damage in Enclosure 1.

REFEZRENCES

Development of the Ccmprehensive Procedure Guideline for Core Damage
Assessment, C-E Qwners Group Task 467, May 1983.

Wida Rance Containment Radiation Dose Rate Monitor Operating
Precedures (Plant Specific Document).

Fuel Damage: For the purpose of this prccedure fuel damacge is
derinea as a progressive failure of the material boundary to prevent
the release of radicactive fission products into the reactor ccclént
starting with a penetration in the zircaloy cladding. The tyre of
fuel damace as determired by this procedure is reported in terms of
four major catecories which are: no damace, cladding failure, fuel
overheat, and fTuel meit. The first three catecories are
charactarized by the resulting radiation dose rate insice the
containment building., The degree of core damage is deteramined by
making a ccmparison between dose rates measured following an
accident and analytically determined values of the realistic or best
estimate dose rates that would correspond to the specific catecories
of core damage. The decree of core damage as cdetermined by this
precedure is reported in terms of three levels which are: initial;
intermediate; and majer. This results in 3 total of ten possible
categories as characterized in Enclosure 1. "

Source Inventorv: The scurce inventcry is the total quantity of

Tission procucts expressed in curies of each isotope present in
either sourc2; the fuel pellets or the fuel rod gas gap.

PRECAUTIONS ARD LIMITATICHS

The assessiment of core damage obtained by using this procedura is
only an estimate. The techniques employed in this procedure are
only accurate to locate the core condition within one or more of tha
10 categories of core damage described in Enclosure 1. The
prccedure is based on radiation dose rate. Other plant indications
may be availeble which can improve upon the estimation of core
demage. These include sample radiological analysis, incere







4.2

4.3

4.4

4.5

temperature incdicators, and the total quantity of hydrccen released
frem zircenium degradation. YWhenever possible these adcitional
indicators shculd be factored into the assessment.

This procedure relies upon radiation dose rate measur:z-:nts taken

frcm one or more monitors located inside the containment building to -

determine the total quantity of fission products released frem the
core and theretore available for release to the environment. The
amount of fission products present at the location of the monitors
may be changing rapidly due to transient plant conditions.

Therefore, multiple measurements should be obtained within a minimum
tire period and when possible under stabilized plant conditions.
Sampies obtained during rapidly changing plant conditions should not
be weiched heavily into the assessment of core damage. g

A number of factors influence the reliability of.the measured
radiation dose rates upon which this procedure is based.
Reliability is invluenced bv the ability to obtain representative
measurements cdue to inccmplete mixing of the measured media,
equigment limitaticns, and lack of operator familiarity with rerely
used procecures. Additionally the prccedure relies upon
analytically cetermined values of the oest estimate dose rates thatl
are anticipated to correspend to the specific catecories of core
damace. These analytical values are based upon assumdticns mace
about the identity and relative procortions of the fission precucts
released from the core and their transport within the ccnteinzent
building. Therefore the procedure is cnly accurate to within the
validity oi the assumpticns.

This procedure is limited to the upper tound conditicn ¢¥ fissicn
prcduct release frem the ccre due to 7uel overheat. Simuilanecus
with fuel overheat, there may be localized fuel pellet melting
within the core. The transport of the non-volatile fission products
released due to melting is not kncwn. The dose rates measurec uncer
conditicns of fuel pellet melting are anticipated to exceeg those,
shown in Enclosure 2, for major fuel overheat. Hcwever, this
procedure cces not attempt to identify the extent of any potential
fuel melting.

This prccedure is limited to the interpretation of the dosa rate
measurement resulting frem a mix of fission products. The procedure
canrot accurately distincuish between the conditions of fuel
cladding faiiure and Tuel overheat when the resulting cose rates are
the same. The procedure does provide an upper limit estimate of the
progressive cere damage. Concurrent conditions oi cladding failure
and overneat should be anticipated due to the radial distribution of
heat generation within the core. Distinction between the type of
core damage requires the identificz“ion of the characteristic
fission products. The procedure for core damage assessment using
radiological analysis of fluid samples is required to explicitly
distinguish between the categories.

F-4




&t

»




5.0

(3]
-
(48]

[94]
.
(¥

This procedure is limicad in applicability to those cenditions in
which the fission prcduct inventory in the core has had sufficient
time to reach ecuilibrium. Equilibrium Fission prcduct inventory is .-
a functicn of reactor pcwer and burnup, Based upon the Tissicn
prccducts of ccncern scuilibrium conaitions are achieved after thirty
days of cperaticn’at ccnstant power. Constant power is considered-
to incluca chances of no greater than 210 percent. The procedure
may be used Tollcwing non-ccnstant periods of operaiion by using
engineering judcement to select the most representative power level
during the pericd. The prccedure may also be used i7 the reactcr
has produced pcwer for less than thirty days, however, the resulting
assessment of core damage would be an uncerpredicticn of the actual
conditions.

IHITIAL PLANT CONDITIONS AND SYMPTQOMS

This orocedure is to be employed for analysis of dose rate data when
it is determined that a plant accident with the potantial for corsz
damace has occurred. The follcwing is a list of plant symptcms 30
assisv in this determination. This list is not a ccmolete
reoresentation of all events which may cause core damace. Ore ore
more of these symptcms may exist at or terore the time the samzi2 is
obtained. Uncer these conditions, sampling shouid te geriormec
using the Post Accicdent Sampling System.

Hich alarm on the ccntainment radiation monitor.

Hich alarm on the CVCS letdcwn radiaticn moniter.

High alarm on the main condenser air ejectcr exhaust raciaticn
menitor.

Pressurizer level low.

Safety Injection System may have autcmatically actuated.

Possible high quench tank level, temperature, or pressure.
Possible noise jndicative of a high energy line break. --
Decrease in volume cecntrol tank level.

Standby charging pumps energized.

Unbalanced charging and letdown flow.

Reactor Coolant System subccoling low or zero.

PREAECUISIVES

An operatjoqal vide Rance Radiation Dose Rate Monitor System with
the capability to measure the area dose rates inside the containment

- whe
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7.0
7.1
7.1.1

7.1.2

7.1.3
7.2

7.2.1

~J
.
~n
.
"~

7.2.2:1

7.2.2.2

-PROCEDURE

buildirng resulting freca fission products dispursed in the building
atmosphere and plated out on building surfeces. The system should
meet the requirements of Reculatory Guide 1.97.

Record the following plant indications.

Containment Building:

Radiation Dose Rate ’ Rads/hr.

Time of Measurement Date Time

Prior 30 days power history: Power, Percent Duration. Bavs
Time-of reactor shutdcun Date Tire

Plzant Power Correcticn

The measured radiaticn cose rate inside the containment tuildirg is
to be corrected for the plant power history. A ccrrection factor is
used to adjust the measured dose rate to the ccrresponding value had
the plant been operating at 10C percent power.

To correct the radiation dose rate for the case in which plant power
level has remained constant for a period greater than 30 days a
simple ratio of the pecwer may be employed. The reactor power is
considered to be constant i7T it has not changed by =10 percent
within the last thirty days prior to the reacter shutdown.

To cerrect the radiation cdose rate for the case in which reactor
power level hes not remaired cecnstant during the 30 days prior to
the reactor shutdcwn engineering, juccement is used to determine the
most representative power level. The ftollcwing guidelines should be
considered in the determination.

The average pewer during the 30 day time period is not necessarily
the most representative value for correction to equilibrium
conditions.

The last power levels at which the reactor operated should weigh
more heavily in the judgement than the earlier levels.
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7.2.2.3

7.2.3

7.2.4

7.3

>

~ro

7.4.3

Continued operation 7or an ext
<

Ti nced pericd should weich more heaviiy
in the judgement than btrief t

=
ransient levels.

In the case in which reactor has produced power for less than 3C
days the procecure mavy be employed. Hcwever, the estimate of ccre
damace obtained uncer this condition may be an under prediction of °
the actual cendition.

The follcwing equation is applied to determine the radiation dose
rate corresponding to equilibrium full pcwer source inventory
conditions. ‘

Measured iCO

Equilibrium - <
Dose Rate Dose Rate Reactor rcwer Level

The reactor pcwer level and the resultinc dose rate cerrection
factor used above will be the same for all sutsequent measuremenss
o7 the dose rate. Record these values to recuce the work reguirec
to evaivate the subsequent measurements.,

The decay correcticn for the radiaticon dose rate requires the
determination of the time duration tetween the reactor shutdcwn and
the measurement o7 the cose rate. This is dcone simply using the
time of reactor shutdcwn recorced in Secticn 7.1.3.

The cornclusion on the extent of core damace is mace using the
equilibrium dose rate, the duraticn of reac:ior shutdcwn, and the
anaivtically determined cdose rates provided in Enclosure 2. The
equilibrium dose rate is plotted cn Enclosure 2 as a function of
time foilcwing reactor shutccwn. Encineerinc jucgement is used o
cetarnine which catecery of core damage shcwn on Eaclesure 2 is most
reoresantative of the particular value that has been plotted. The
follewing criteria shculd be considered in the determination.

Cese rate measursments may have been recorded during periods of
transient cenditieons within the plant. Measurementis macde during
st2ble plant conditions shculd weigh more heavily in the assessment
of core damage.

-
» s

Dose rates sicnificantly above the lower bournd for the category of
major fuel overheat may indicate concurrent 7uel pellet melting.
This prccecdura may rot be employed to estimate the degree of fuel
pellet meiting.

Dose rates within any category of fuel overheating may be
anticipated to inciude concurrent fuel cledding failure. This
procedura may nct Se used to distinguish the relative centributions
of the two catecories to the total dose rate. The procecdure does
give the estimate of the highest category of damage.

Dose rates correspcnding to the two categories of major cladding

failure and initial fuel overheat are observed to overlap on

Enclosure 2. The evaluation of other plant parameters may be e
recuired to distincuish between them. Hcwever, concurrent

conditions may be anticipated.
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Enclosure 1

Radiologic Characteristics of NRC Cateqories of Fuel Damage

HRC Category of Hechanism of Source of Percent of Source Inventory Distribution of Fission
Fuel Damage Release From Core Release Released to Containment Products in Containment
Ho Fuel Damage Halogen Spiking Gas Gap , Less than 1 Airborne
Tramp Uranium
Initial Cladding Gas Gap Less than 10 Airborne
Failure
Intermediate Clad Burst and Gas Gap 10 to 50 Airborne
Cladding Failure > Gas Gap Diffusion
Release
Major Cladding Gas Gap Greater than 50 Airborne
Failure _
Initial Fuel Pellet Fuel Pellet Less than 10
Overheating Airborne:

Intermediate Fuel

> Grain Boundary
Diffusion

Pellet Overheating

Major Fuel Pellet
Pellet Overheating

Diffusional Release
From U02 Grains

Fuel Pellet

Fuel Pellet

10 to 50

Greater than 50

100% floble Gas
25% Halogen

Plated Out
257 Halogen
-~ 1% Solids
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1x10‘:

ENCLOSURE 2
TYPICAL ANALYSIS FOR POST ACCIDENT
DOSz RATE INSIDE A CYLINDRICAL CONTAINMENT

TX'IOBT

100
TIME POST ACCIDENT, HOURS

CYLINDRICAL CONTAINMENT
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APPENDIX F.1

EXAMPLEZ USE OF THEE PROCZOURE
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The folicwing is an exampie of the use of this prccedure for assessment of
core damége. The data recsrded cn plant condition is as 7ollews:
Containment Building:
Measurement Number 1 Dose Rata =1 X 105 Rads/hr N
Time = 03CO on 12/25/82
Measurement Number 2 Dose Rate = § x 104 Rads/hr
Time = 06C0 on 12/25/82
4
Yeasurement humber 3 Dose Rate = 1.5 x 10" Rads/hr
Time = 0100 on 12/25/32
Heasurement iuvber 4 Dose Rate = 4 X 103 Rads/hr
Time = 0100 on 12/31/82
Prior 20 day power histery: Pcower, Percant Duraticn, Davs
- 75 22
£0 17
100 2
Tire of reactor shutdown: 0iCO on 12/25/82
Step 7.2 As shcwn in the recorded data, the reactor power has not

Step 7.2.4

remained ccnsiant for the 30 days prior to the accicent.
Thereiore engineerina judgcement is used to determine the gcwe
level empioyed in the assessment of core damage., The cricari

. statad in St2n 7.2.2.2 and 7.2.2.3 are usad in the
deternination. Tne value selected is 30 percent. 7his vaiue
is selectaed beceuse during the 17 days at that level many
fission precuctis reach equilibrium inventory in the core.
During the 2 day time pericd at 100 percent power, the
inventory o7 2li fissicn products increased. The short lived
fissicn procducts mav even have increased to their equilibrium
corresgcrnaing to 160 percent power. Hewever, most of the
isotcces with loncer half lives, thcse greater than 1 day,
remain at invenicries closer to that correspending to .
equilibrium at 50 percent power. Also using 50 percent pcwer
would scmewhat underestimate the fissicn prcduct source
inventory and the resulting core damage assessment would
therevore be ccnservative.

r
a

v
.

Using 50 percent gower, the full power equilibrium dose rate
for measurement numter 1 is as 7ollows:

Equilibriun s _ 100

_ 5
Dose Rate ~ 1 x 107 x =0

= 2 x 10 Rad/hr

the remaining full pcwer equilibrium dose rates are:
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Step 7.3

Step 7.4

1 x 10° Rad/hr

o

‘o Number 2

(11
ct

sureman

(1]

¢

3 x 10° Rad/hr

I~
[}
w

numler 3

ct

syrer

(3]

n
e

8 x 10° Rad/hr

Measurement Humber §

The time duraticn tefween reaczor shutdewn and the measurement
of the dose rate for_each case is: .

Measurement Number 1 = 2 hours
Measurement Humder 2 = 5 hours
Measurement Number 3 = 24 hours
Measurement Humder 4 = 144 hcurs

Assessrent of Core Damage

il
r
2.

ne ecuilitrium full power dose rates and the duration of
eacter

c shutdcwn are ploctted on the following copy of Encleosure

The cenclusion is that core damage is in the categccry of
Initial Fuel QOverneat. Because of the extent of this damace,
concurrent fuel cladding failure is anticipated although it is
not expressly distinguished frcm the total damage by this
prececdure.,
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EXAMPLE

ENCLOSURE 2
TYPICAL ANALYSIS FOR POST ACCIDENT
"‘ . DOSE RATE INSIDE A CYLINDRICAL CONTAINMENT

1x10"

.oun

1920

1x10’:

1x163
1 _ . 100
‘ TIME POST ACCIDENT, HOURS
. CYLINDRICAL COMTAINMENT
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