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Dear Sir:

Three Mile Island Nuclear Station, Unit 2 (TMI-2)
Operating License No. DPR-73
Docket No. 50-320
CRDM ~ Quick Look Safety Evaluation Report
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Attached, per our commitment in the Recovery Operations Plan Change
Request No. 15, 1s a copy of the Safety Evaluation Report (SER) for
the CRDM Quick lLook camera insertion, currently scheduled for

July 19, 1982. This SER is forwarded to you to provide information
related to the planned test. The SER is also provided for your

use in reviewing the procedures associated with the proposed test
pursuant to Technical Specification 6.8.2. Please note that this
SER includes a criticality analysis. This criticality analysis is
provided to supplement the criticality analysis provided previously
for the APSR insertion test. In addition, your letter of May 12, 1982,
approving Recovery Operations Plan Change No. 12 expressed concern about
lowering RCS dissolved hydrogen levels to below Scc/kg. The latest

(June 28, 1982) RCS sample shows dissolved hydrogen at 2 cc/kg. This is
typical of the latest values. The guestion of combustible gas is

addressed in Section 4.3.1.5 of the SER. Your timely consideration of

this document to support the current schedule would be greatly appreciated.

if you have any questions or desire further information, please feel
free to contact me.

Sincerely,

t

L/

J. J. Barton e
Acting Director, I-2

JIB/RBS/ Jep o1
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Attachment PDR ADOCK 050003%8
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CC: Dr. B. .J. Snyder, Program Director - T™I Program Office

GPU Nucleat 1s a part of the General Public Utihlies System
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l.o

TITLE:

Safety Evaluation For The Insertion Of A Camera Into The Reactor Vessel
Through A Leadscrev Opening

PURPOSE:

The insertion of a camera into the reactor vessel through 2 leadscrewv

opening, the "Quick Look,” will provide the first visual asseasment of

conditions inside the reactor veasel. CCIV camera inspectiona will include
the following:

(]

The Quick Look has the folloving suggested data acquisition goals:

At the location of removed leadscrew !
~ Ruide tube brazements

= guide tube C~tubes

= control rod spider hub

- control rod pins

- fuel assembly end fitting

- end fitting guide tabs

Adjacent fuel assembly locations
- fuel assembly end fitting

- end fitting guide tabs

If there i8 no end fitting present

~ condition of the core and debris over as broad an ares as
possible

Sample gas vented from CRDM motor tube during venting operations

Sample reactor coolant drained from motor tube during venting
operations

Honitor and recc.sd veight indicatione during uncoupling operations
Svipe samples from various parts of the leadscrev

Retrieve a representative vatar sampla from the reactor vessel plenum
and/or fuel regfon
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3.0

Changes in the reactor coolant syatem (RCS) operating parameters required
for the Quick Look are 1) reduced RCS preaaure, 2) venting of the RCS, and
3) lovered RCS water level. These changes result in breaching of the
reactor coolant pressure boundary (RCPB) and reduced decay heat removal
capabilities.

To complete the safety evaluation, the following concerns associated with
the Quick Look have been evaluated:

o the potential releases of radioactivity to the containment

o the potential releases of radioactivity to the environment

o the effects on reactivity aa a result of potential disturbances of the
fuel

o the effects of RCS draindown on decay heat removal capabilitiea

o the potential for inadvertent boron dilution
o the release of gases from the RCS to the containment atmosphere
o occupational exposure, and

o the effects on RCS chemistry as a result of breaching the RCPB

SYSTENS AFFECTED:

3.1 The Quick Look will involve the following systems:

o Reactor Coolant Systenm

o Feedvater System

o Reactor Coolant System Level Monitoring

o Standby Reactor Coolant Pressure Control System
o Mini Decay Heat Removal System

o Letdown Syvstem

o Nitrogen Systenm

3.2 Dravings

Flow Diagram - Reactor Coolant, Makeup & Purification - Burna
& Roe Drawving 2024

Flov Diagram - Feedvater & Condensate - Burna & Roe Drawing 2005

Flov Diagram - Standby RC Presaure Conttol Syatem - Burna & Roe
Draving M022
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3.3

Flov Disgrem - Ritrogen for Nuclesr and Radwaste Systems - Burna & Roe
Dreving 2036

Docuzments

3.3.1 The folloving sections of the THMI-2 PSAR describe the ayatems
involved in the Quick Look.

3.3.2

3.3.3

Reactor Coolant System - Sections 4.0 & 5.0

Feedvater sand Condensate - Section 10.4.7

Mekeup snd Purificetion (Letdown) - Section 9.3.4

Technicsl Specifications

The following technical specifications govern the syastems
listed in Section 3.1.

Boron Control 3.1.1 & 4.1.1
Resctor Coolant System 3.4 & 4.4

Syastem Descriptions

3.3.3.1

3.3.3.2

3.3.3.3
3.3.3.3.1

Standby Resctor Coolsnt Pressure Control System -
refer to the Standby Reactor Coolsnt Pressure
Control System - System Description

Mini Decay Hest Removal System - refer to the Mini
Decay Hest Removsl System - System Description

RCS Level Monitoring System - System Deacription

Deaign Bases

The RCS level monitoring system vill perform the
folloving functiona.

1)

2)

J)

Provide the control room operstors vith direct
indicetion of RCS vater level during the process
of lovering the RCS vater level.

Provide RCS vater level indicstion between the
elevation of the RCS high points (pressurizer,
top of the hot legs) sand the elevation of the
reactor vessel hot leg nozzles. Accurascy of
indication vi}' be sufficient to sllov personnel
to relisbly determine vhen the RCS vater level
is at the elevation required for the csmers
inspection through a leadscrev opening.

Coupensate for the RCS nitrogen over-pressure.
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3.3.3.3.2

4) Compenaate for any differentisl preasure that
may be eatablished betwveen the fuel handling
building (inatrument locstion) snd the reactor
buiiding.

Syatem Deaign, Inatalletion and Operation

Tz RCS water level monitoring eyatem will be
designed and inatslled as an "lmportent to Safety"
(ITS) ayeten.

The RCS water level monitoring ayatem uses a level
transuitter connected to the normal decay heat
resoval line. The transmitter, lccated in the fuel
handling building, vill senae the head of vater in
the RCS sbove the centerline of the reactor vessel
hot leg nozzle and transmit an electrical aignal to
s digital indicstor and atrip chart recorder located
in the main control room. It will be calibrated to
pessure the column of water between the reactor
veasel hot leg nozzle centerline and the top of the
hot leg. The indicated value vill be actual water
level since deaign features will compenaate the
reading for the RCS nitrogen overpreasure and
differential preasure betveen fuel handling and
reactor buildings.

The range of indication for this ayatem will be 0 to
600 inchea of water wvith a ayatem accuracy of ¢ 5
inches of water.

A local level indicator in the fuel handling
building ia slao provided and connected in parallel
vith the level transmitter. Its range is slso 0 to
600 inches of vater vith an accuracy of ¢ 6 inches
of vater.

This ia the ayatem that will be used to determine
vhen the level in the RCS is vithin the range of
elevations for camers insertion through the
leadacrev opening.

The level transmitter and indicator will be
installed vith provisions for isolation,
calibration, and maintenance. Piping and tubing
vill be leak-teated in sccordance with ANSI B3l.1
1980.
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4.0 EFFECTS ON SAFETY

4.1 Safety functions of the aystems listed in Section 3.1 are described in
the documents liated in Section 3.3.

4.2 Safety Functions

6.2.1

4.2.2

4.2.3

The safety functions of the RCS are to contain the radiocactive
reactor coolant and to remove reactor decay heat. Containment
boundary isolation is the only safety function of the nitrogen
and feedvater systema in the present operating mode. The
letdown and RCS level monitoring systems do not perform any
safety functions for the Quick Look.

The functions of the Standby Reactor Coolant Pressure Control
Systenm are to:

a. Maintsin the Reactor Coolant Syatem in a vater-aolid
condition for long term reactor core natural circulation
cooling by automatically compensating for coolant
volumetric decreases in the Resctor Coolant System due to
ayatenm leakage or thermsl contraction.

b. Maintain the Reactor Coolant System pressure at a preset
pressure vith the pressurizer solid and pressurizer heaters
out of service.

c. Provide adequate NPSH to the reactor coolant pumps if it
becomes necesaary to use one.

d. Provide capability for makeup wster to the RCS when the RCS
is in a drained condition.

The functions of the Mini Decay Heat Removal System (MDBR) are
as follova:

a. Remove heat from the reactor coolant syatem by forced
circulation through the core.

b. Provide a method of removing heat from the reactor coolant
system during reactor vessel head removal and vessel
defueling.

c. Provide piping connections for future cleanup of the
reactor coolant system.

d. Provide a means of sampling the reactor coolant system
utilizing the Mini Decay Reat Rexoval Syaten.

e. Provide a meana of backup pressure control for the Reactor
Coolant System.

The MDHR only serves as a backup to the loss to ambient cooling
wode,
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4.3 Quick Look Affects On Safety Functions

4.3.1 Syatem Performsnce

6.3.1.1

4.3.1.2

Environsental Releases

The Quick Look msay result in an increase in
radiological environmentsl releasses due to the
release of Kr-85 from the RCS. This potentisl
relesse bas been evaluated using the following
sssumptiona: 1) the entire RCS inventory of
dissolved and free Kr-85 ia relessed in one hour
into the containment purge exhauat, 2) the Kr-85 ia
diluted by a plant vent atack flov rate of 100,000
cfm and, 3) no credit is taken for Kr-85 dilution
in the containment.

The totsl quantity of Kr-85 in the RCS available for
relesse vaa calculsted to be approximately 30 Ci.
This ia based on the following:

o It ia sasumed that Henry's Lav for dissolved
gases va. free gases sppliea.

o The RCS v4por space is conservatively ssaumed to
be 190 fe~.

o RCS Kr-85 sctivity 1s 0.07 uCi/cc (per 7/20/81
ssuple results).

o No procesaing of RCS has taken place.

Using the calculated releasse of 30 Ci and the
guidance provided in Regulastory Guide 1.109, the
increased dose at the nearest reaidence vaa
calculated to be 2.1 x 10 ®> wrem (total body doae).

Actual relesses from the plant vent atack, including
during times of contsinment purging, have been s
small fraction of the limita specified in the TMI-2
Technical Specifications. With the exception of RCS
venting, the Quick Look is not expected to result in
an incresse in releasea of radioactivity to the
environment. All relesases from the containment as s
result of the Quick Look will be within the limits
of the THI-2 Technicsl Specifications.

Reactivity Changes

Reactivity changes as s result of postulated fuel
disturbances or changes are deacribed in Appendix A.
Appendix A haa been prepared by Babcock and Wilcox
and is entitled “Methods and Procedures of Analyais
for TMI-2 Criticality Calculations to Support
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‘l3.1l3

Recovery Activities Through Bead Removal." This
report shova that the TMI-2 reactor vill be
mainteined subcriticel during the activities
sssocisted vith the Quick Look considering any
credible fuel configuration inside or outside of the
core region and considering the effects of
postulated fuel dieturbences or changes in physicel
conditions. Thies sssursnce vill be provided st sll
times vhen the reactor coolant ia borated to s
concentration of 3500 ppm or greater.

The vater level in the secondary eide of the ateam
generators vill be maintained st an elevation below
that of the RCS water level. Thias vill ensure that
should there be an sccumulation of fuel in the ateanm
generator tubea, the sccumulation of fuel will
remain aubcriticel at all times during the
activitiea associated wvith the Quick Look.

Decay Heat Removal

An snalysis of the effects of the dreindown of the
RCS on decey hest removel capsbilities has been
performed. The snalysie ias described in Appendix B.
The resultes of the snalysis shov that:

a) There sppesrs to be some migration of vater
through the loops with the result that the
current heat rejection mode includea aystem
components beyond the reactor vessel and head.

b) Lovering the reactor vater level and isolating
the system components may casuse an increase in
reactor vater equilibrium temg

c) The reactor tempersture incresse to schieve
equilibrium conditions depends upon the heat
sink temperature (i.e., containment
temperature).

d) The snticipated heatup rate, after draindowvn to
elevation 323'-6", ia expected to be less then 5
F per dey in mid 1982 et 100 F contsinment
temperature. Thus, ample time is available to
monitor actusl hestup rate sand determine if
enhanced heat remcvel is required to maintain
equilibrium pesk temperstures below
approximately 190 F.
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4.3.1.4

4.3.1.5

e) The enhanced heat removal, if required, can be
accomodatad by existing ayatems such as:

- feed and bleed through letdovn and the
atandby praaaure control system

= refill of the Raactor Coolsnt System
= Mini Decay Heat Removal Syatem

Thia analyais is bazed on an RCS vater level one
foot above the planum cover (elevation of the plenum
cover ia 322'-6"). For the Quick Look, the RCS
vater level vill be lovered to betveen elevations
331' and 335'. The heat up rate discussed in item
d, above, ahould be laas for the Quick Look because
of the additional vater in the RCS for the Quick
Look.

Boron Dilution

The potential for a boron dilution event haa been
conaidered and potential dilution paths have been
identified. Appropriate adminiatrative procedures
and precautions have been developed to preclude a
boron dilution event. Appendix C describea the
actiona taken to prevent boron dilution aa vell as a
discussion of the actions which will be taken in the
unlikely event that a dilution evant occura. The
actions to prevent boron dilution include 1)
removing spool piecea to aasure ayatem flowpath
isolation, 2) draining syatema to reduce presaure
differentials vith the RCS and, 3) valve line-ups
that provide a greatar margin of protection against
leakage into the RCS.

A boron dilution event cauaed by a aecondary to
primary leak through staam generator tubes will be
prevented by 1) maintaining aecondary vater level
below RCS vater level in the ateam generatora and,
2) maintaining equal N, preaaurea on the primary and
secondary aides of the steam generatora.

Throughout the Quick Look, the capability to borate
the RCS vill be maintained in accordance vith the
TH1-2 Technical Specifications.

Gaa Qelellel

The venting of the RCS will raault in the relsase of
trapped gasea including Kr-85 and hydrogen to the
containment atmosphere. The conaequencas of
releasing the Kr-85 firat to the containment and
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then to the environsent sre discussed in Ssction
4.3.1.1., The consequences of relessing the hydrogen
sre evsluated below.

The totsl quantity of hydrogen in the RCS wvss
estimated bssed on the folloving sssumptions:

0o RCS hes not been processed.

o Volume of free gas in the RCS ves determined by
s test vhich conservstively ignored differences
in veter hesd.

o Ratio of hydrogen to nitrogen in the free gas is
the ssme as the rstio in the RCS samples.

o Henry's Lsv for dissolved gsaes vs. free gsses
spplies.

Since no credit is tsken for RCS processing, the
percentsge of hydrogen in the free gss should be
consistent vith the percentsge of hydrogen in the
RCS ssmple results. The RCS ssmple results indicste
approximately 7cc/Kg hydrogen snd 9cc/Kg nitrogen.
The 1b - moles of hydrogen snd nitrogen in the free
gaa required to sttein the relstive sample
concentrstions ves determined using Henry's Lav. It
vas found that spproximately 40 percent of the free
gas vill be hydrogen snd the remaining 60 percent
vill be nitrogen.

The amount of free gss in the system wes determined
by using the following equstions:

Equation 1 ne (AV!

Where: Pl = initisl pressure of system
in pesis

Pz = final pressure of system in
psis

4P = chenge in system pressure in
peis

AV = chsnge in system vster volume
in fcd

T = sbsolute tempersture of system
in °R
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R = universsl gas conatent =

s -
10.729 ¥t~ = 1b
To-moles - 'R - in°®

n = 1lb-moles of free geas

Equation 2 ve® R1
&
Uhere: n = lb-molea of free ges from eq |

e geme a8 Equation 1

530°R (i.e. 70°F)

14.7 peie

< v = »
L]

= gtenderd cubic feet

No credit vas taken from the difference in vater head
betveen the pressure sensing point end the posaible
location of the free gea. This ssasures a
conservative estimate for the free gas in the RCS.
Using the reaults of the RCS teat, it vaa determined
that spproximately 370 acf of free gas is in the

RCS. Assunming aversge conditions in the RCS of 90 F
and 100 paig, this is equivalent to approximately 48
ft3 of void apace.

The smount of free ges that is hydrogen would be
about 145 scf. Such a high concentration of
hydrogen indicetes that the RCS wvater conteins
epproximately 700 to 800 sadditionsl stendsrd cubic
feet of hydrogen. Therefore the total quantity of
hydrogen in the RCS waas conservatively estimated ot
1000 acf.

The gess vented from the RCS ias sssumed to be 100
percent hydrogen and vill be diacharged into s
dilution flov stresm vith & minimm dilution fector
of 25. This vill prevent the diacharge of a
flazmable hydrogen mixturs to the contsinment
atnosphere. The dischsrge vill be directed svay
from vhere peraonnel are expected to be.

During lesdscrev vithdravel and cutting operationes
the RCS vill be st stmospheric preessure. The RCS
surface sres exposed to the stmosphere vis the open
CRDM motor tube will be less than 4 in?. Hydrogen
offgeassing vis this small surface ares hasas been
calculated to be spproximately 0.03 scfm. Such s
lov relesse rate should not present s hydrogen
flemmability hazerd vhen vented directly to the

containment.
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4.3.1.6

Occupational Exposuras

The total sxpoaure for the Quick Look ia estimated
to be 50 to 150 man-rem. The activities included in
this estimate are thoae associated wvith:

o decontamination and contamination control

o rigging

0 reactor coolant ayatem venting

o 1inatallation of temporary pover and lighting

o removal of a leadscrev and inspection inside
the reactor vessel

It vas estimated that approximately 300
in-containment man-houra are sasocisted vith the
covered activities. These man-houras vill be apent
in radiation fielda that vary from 0.15 R/hr to

30 R/hr. The calculated man-ram for all activities
vas 100 man-rem. Because of the uncertainty in the
dose ratea and man-houra, the man-rem for the
activities may vary by ¢ 502. Therefore, the total
exposure for the Quick Look is eatimated to be 50 to
150 man-rem.

The quantity of Kr-85 contained vithin the RCS and
available for release to the containment during RCS
venting has been estimated to be up to 30 curies
(see Section 4.3.1.1). The eatimate vas based on
RCS sample data prior to RCS proceasaing. Of the
estimated total Kr-85 inventory approximately 7
curiea are estimated in the free gaa volume. In
order to minimize the occupational exposure from
Kr-85 during the venting operation the following
requirementa vill be factored into the RCS venting
procedure. The discharge point vill be at least ten
feet from peraonnel and directed sway from
peraonnel. External exposurea to personnel vill be
monitored by peraonnel doaimetry. In addition, air
asupling vill be performed during venting and
sarples analyzed for Kr-85, particulates, and
tritium,

The release of the Kr-85 to the containment may
require continuous purging of the containment for a
period of time after the venting operation in order
to reduce the Kr-85 concentration in the containment
atsoaphere to aa lov aa reasonably achievable. The
exact length of time that purging will be required
dependa on the amount of Kr-85 raleassed to the
containment, but should be lesa than 24 hours based
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4.3.2

4.3.3
4.3.4

on an assumption that 10 equivalent air changes will
bs more than aufficisnt for flushing the containment
atmosphsre.

During RCS venting operations there is a possibility
of releaaing additional particulates and tritium to
the containment atmosphere. The level of
contsninstion of the RCS water ia currently leas
than the contaminstion level of the wvater vhich wvas
resoved from the containment aump. Therefore no
significant increase in containment particulate and
tritium airborne contamination is expected during
RCS venting.

4.3.1.7 RCS Chemiatry

Recovery Operations Plan Change No. 12 issued May
12, 1982 by the NRC approvea GPUN'a Recovery
Operations Plan Change Request No. 14 on Reactor
Coolant System Chemistry Spscifications. This
chenge vas necesssry for RCS procesaing. The
effects on RCS chemiatry created by breaching the
RCS boundary for the Quick Look are bounded by the
effects created by RCS procsasing.

Quality standards: The GPUN QA Plen will be implementsd aa
appliceble.

Nstural phencmens protection: Not applicable
Fire Protection

Fire protection for the Quick Look program will be provided in
accordsnce vith the requirements of the T™I-~2 Pire Heszards
Analyais Report and THI-2 Administrative Procedure 1034,
Control of Combustible Materials.

The estimated incresse in contsinment combustible loading for
the Quick Look is 0.022 lba (wood equivslent)/ft2. Based on
this smsll increase in combustible loading, additional fire
protection is not required for the Quick Look. At the
conclusion of the Quick Look, all Quick Look materials that are
not removed from the containment will be factored into the
TMI-2 Fire Hszards Analysis.

Environmentsl Quslification: Not applicsble.
Miasile protectgon: Not applicable.

High energy line pipe bresks: Not applicable.
Electrical sepsration: Not applicable

Single failure criteria: Discussed in Appendix C in
conjunction with the potential for boron dilution of the RCS.
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4.4

4.5

4.6

4.7

4.3.10 Separation criteria: Wot applicable.
4.3.11 Containment isolation: WNot applicable.

4.3.12 Heteriala compatibility: All materisla vhich may contact
reactor coolant will be fabricated of materiasla compatible vith
RCS wvater chemisatry.

Determine if the change, teat, or experiment vill increase the
probability of occurrence or the consequences of an accident and atate
the basia for that determination:

The activities associated with the Quick Look will not increaase the
probability of occurrence or the consequences of an accident. This is
based on the effects on reactivity changes diacussed in Section
4.3.1.2 and Appendix A. It is slao bassed on the precautions and
messures that wvill be taken to prevent a boron dilution event (Section
6.3.1.6; and to prevent a concentration of flammable gasea (Section
4.3.1.5).

Determine 1f the change, teat, or experiment will incresse the
probability of s malfunction of equipment ITS and atate the bassis for
the determination:

The activities sssociated with the Quick Look will not incresse the
probsbility of s malfunction of equipment ITS. Thia is based on
equipment ITS being operated in s manner for vhich it vas designed.
In addition, the Quick Look activities wvill not adversely impact any
equipment ITS. Where there sre deaign changea to existing equipment
ITS, the design change will sstiafy the ITS requirementa commensurate
vith the importance %o ssfety of the item during the recovery period.

Determine if the proposed change, teat, or experiment creates s
posaibility for an accident or malfunction of a different type than
sny previoualy identified in the SAR and state the bsais for that
determination:

The asctivities sssocisted with the Quick Look do not creste a
posaibility for an accident or mslfunction of a different type than
sny previously identified in the SAR or other safety evalustiona. The
effects on reactivity changes have been shown not to constitute s
asfety concern in the Safety Evaluation for the Axiasl Power Shaping
Rod (APSR) Insertion Teat, and ss diacussed in Section 4.3.1.2 and
Appendix A. The APSR teat Safety Evaluation waa previously revieved
and spproved by RRC. The other aresa vhere thia could have occurred,
boron dilution and concentration of flammable gas, have been
eliminsted ar 4iacussed in Sections 4.3.1.4 and 4.3.1.5.

Determine if the proposed change, teat, or experiment decresses the
margin of safety as defined in the basis of any technical
specification and atate the basis of that determination:
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4.9

5.0

The sctivities sssocisted with the Quick Look will not reduce the
nsrgin of ssfety as defined in the basis of any technical
specificstion. With the exception of Standby Pressure Control System,
the Quick Look activities vill not modify the operation of existing
systems.

Determine if the proposed chsnge, test, or experimunt will violate any
technicsl specifications and stste the basis for that determination:

The sctivities associated vith the Quick Look will not violate any
technicsl specifications based on a reviev of the THI-2 Technical
Specifications.

Determine if the proposed chsnge, test, or experiment will violate any
license requirements or regulations and state the basis for that
determination:

The activities associated wvith the Quick Look will not violste sny
license requirements or regulstions. This is based nn a reviewv of the
THI-2 Technicsl Specifications and the TMI-2 FSAR.

Determine if the proposed change, test. or experiment involves s
radiological ssfety concern and state the bssis for that
determination:

The activities associated vith the Quick Look do not involve an
unacceptable rsdiological safety concern. The basis for this is that
the releases of radiosctivity to the environment, including the
centribution due to venting of the RCS, will be vell within the limits
of the THI-2 Environmental Technicsl Specifications, ss discussed in
Section 4.3.1.1. As described in Section 4.3.1.6, the activities
sssociated vith the Quick Look do not involve unacceptable
radiological safety concerns to the vorkers.

Conclusion

The activities associated with the Quick Look do not constitute an
unrevieved ssfety question. These activitiea can be performed within
existing THI-2 Technicsl Specifications and present no undue risk to
the public health and safety.
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1.0 INTRODUCTION AND SUMMARY

!nmu and lcggc

This report was prepared to documant criticality asefety resultas
obtained from the analyses of varioua gecmatrical configurations of
moderator, reflactor, and fusl. Thasa coafigurations reprasant both
credidble and hypothetical fuel arrangesents which could now exiat or
could occur im the Resctor Coolant System (RCS) as a result of
activitiee releting to thru-heed ivepections and reector vessel

closure heed removal.

Ezamples of some of the proposed activities that could produce
fuel rearrangements or otbervise affect the aubcriticality of the
fuel system are:

e Iosertion of the Axial Power Sheping Bods (AP5Ra)

e Cootrol Rod Drive Mechanies (CRDM) Uncoupling Attempts

o Insertion of Inspection and Sampling Equipsent into the

Raactor Vassel through Panetrations in tha Head

e Removal of the Resctor Vessel Heed

The purpose of the analytical assessment is to demonstrete thet
during all of theee proposed activities the THI-2 reector will be
saintained in a safe shutdown condition at all times. The specific
objectives of thia report are:

e To evaluate tbe reactivity of postulated TMI-2 core

configurations.

e To evaluate the reactivity of potential fuel accumulations

outside the core region

e To eveluaste the potentisl reectivity effecte of wverious

perturbetions resulting from the proposed activities.
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e To verify thet s boron concentrastion of 3500 ppm will
ssiotain an edequete margin of asubcriticality under sll
postulated credible conditions.

1-2 Babcock & Wilcox




1.2

Report Organization

Section 2.0 provides a summery description of the wvarioue
camputer codes that are used in reactor and suclear criticality
aafety spplications. These are the codes that were used by MW inm
the criticality atudies to support the proposed activites (aae
S8ection 1.1) end in the wverious studies performed immediately
following the accident. Section 3.0 describes the analyses that
vere performed to sseess phe potential im~core resctivity effects of
the proposed activities. Bection 4.0 describes the eimilar analyses
that were performed to assesa the potential resctivity effecte of
fuel movement out of the core that mey result from these activities.
Section 5.0 presents an oversll eummary of the results and
conclusions of thie report and identifies the conservatisms and
calculational uncertainties inherent to the fuel wodels.

1-3 Babcock a Wilcox



1.3 General Introduction

Evalustions of core asudbcriticality and 1loose fusl coufigurations
with high reactivity potentisl were bagun econ after the TMI-2
incident. The purpose of those calculations was to eveluate the
reectivity of the core considering a wide range of core damage
poseibilities, and to provide a basis for aselecting s safe RCS borono
conceatration.

A genaral, brief description of the originel core is as followvs.
The cora region without fuel is an aepproximate cylinder 5.4 feet in
radiue and 13.8 feet high, filled with water. The water may cootain
other chemicals auch as boric acid and lithium hydroxide. The fuel was
in the form of 177 fuel eceeembliee, divided into 3 datches of 61, 60
and 36 assemblies. The asssemblies within each batch were manufactured
identically exzcept for the differance in the U-235 enrichment. The
assemblies are designed with a 135 by 15 arrsy of cells on a square
pitch. Each asssembly contains 208 fusl rods with tbe 17 other cells
consfeting of one centrel instrumsnt tube end 16 guide tudbes. The
guide tubee may contein either burnable poison rods, control rods,
ezial pover shaping rodas or weter. The fusl rods contain stacked 00,
pellets with sirceloy cladding end are surrounded by the water
soderator. The cells within the sssembly are held in a squsre arrsy by

Inconal gride.

FPollowing cooldown of TMI-2, plens vere made for decontamination of
the contsimment building and eventuel removal of the fuel from the
demaged reactor. A prerequisite step for fusl removal is performance
of ramote inepection of the interior of the reactor vessel, followed by
removal of the reactor wessel closure haad. S8Since tbeae activities may
involva sose perturbation of the fuel, tbe reectivity affect of euch
ectivitise sust be exsmined. The prisary ecefety goal is to ensure a
degree o. ubcriticality which ensures shutdova margin botb in the core
or in postulated fuel accumuiations cuteide tbe core.



Since the ehutdown of the reector in 1979, gredual changee have
occurred in the core and the coolant. These chenges include a reduc-
tion in ‘the primsry coolant snd fuel preseures and temperatures, and
e chenge in the core fission product inventory due to radioactive
decay. These chenges wers expected to have little effect oo the
long tarm raactivity etatus of the cora. MNsvertheleee, the reeults
of previoue criticality anelyses wera reviewad and a raevaluation of
thoea asalysss has been included in thie report to form a basie for
further inveetigations of criticality safaty.

Other changes in the core or fual configurations outeide the
core could conceivably occur as a result of the activities to be
undertakan on the reactor hesd. The extent of any such changes is
dictated by the condition of the damaged core (see Pigure 1-1 for
possible regions of demage). If the core damege is alight, the
activities proposed through heed removal activitiee ehould do little
sore than disturb eocms of the demsged fuel rods or fuel pellets.
Conversely, if the existing damsge to the fuel is extensive, any
disturbance of core componente may initiate a graster degree of fuel
rearrangesent. Thie rearrsngement could be the result of fuel
essembly collspee due to the driving force on the APSRe, impact of a
dropped fuel assembly end fitting, or impact from the release of en
unsupported lesdscrev during CRDM uncoupling operations.
Repositioning of the APSRs could also introduce direct reactivity
changes.

During the ineartion of inepection and sempling equipment
through the reector veseel closure hesd penetretions, there is the
possibilicy of dropping equipment or dislodging damaged material.
Either action could cauee some amount of fuel to be repoeitioned.

6ince the activitiee relating to cloeure head removal could
conceivably caus. fuel to drop from the coras region to the reactor
vessel lower plenus, sdditional enalyess were required to evaluate
criticality eafety for fuel accumulations in that region. A review
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of fuel accumsulation areas outaide the core region showed that the
reactor vessel lower plenum was the moat credible and alao potentially
the most reactive of the potential fuel collection areas. Section 4.0
describes the analyses performed for the reactor vessel lower plenum.

Babcock & Wilcox



1.6

and Criteria

A shutdown margin of at least 1X4p (Kggg < .99) haa been used
in determining the safety of the analysed fuel con!iguutio;n and
boron concentrations. Thia ia the criterion that was applied during
the reactor cooldown period and ia defined in the Standard Technical
lpociﬂcntionl as applicable to the ahutdown mode of reactor

operation.

THI-2 was officially placed in the ashutdown cooling mode on
February 13, 1980 by the current Technical Specification? for that
plant. The technical apecificationa also define an edditional
ehutdovn mode called the recovery mode in which the reactor is
subcritical with an aeverage coolant temperature less than 280°F.
The techni~zal specifications also define the limiting coanditions for
the moderator boron concentration and minisum coolant temperature.

This mode epplies during the long term cooling of the core
includiu. facility cleanup and recovery o;uutiom.3 Therefore, the
epecific criticalicy safety requiresenta for the activitiea propoaed
through resctor vessel head removal pursuant to the technical

specifications, are as followvs:

Subcritical multiplication, Kegg Lees then .99

Coolant boron concentration Creater than 3000 ppa
lees than 4500 ppa®

Coolant Temperature Craater than 50° 7

Less than 280° P

¢Less than 4500 ppm ia not apecifically a criticalicy
requirement but was included in the technical apecifica~
tiona to prevent boron precipitation.
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In order to provide edditional margin of eafety, a conservatism
of 2T 4p shutdown margin wes used in this work. Calculational
biasas which rasulted in increasss to the reactivity of the system
have been included in all analytical results reported im Bections 3
and & end the effective oeutron sultiplication of the emalyticel
system {s less than 0.98 in all cases.
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1.3

Results and Conclusions

Yor a detailed description of the various analyses performed
for the report refer to Sections 3.0 and 4.0.

The analyses show a Rgff of 0.943 for the core with maximm
credible demage (502 damagad and 502 undamaged) at 3500 ppm boron
concentration. The Kegg for a hypothetical core model (total fuel
collapsa) ie 0.977 with 3500 ppa boron.

The most reactive credible configuration of fuel in the bottom
of the reactor vessel har & Kgeg of 0.979 with 3500 ppw boron.

The preceding wvalues of [Kofg are based upon etandard
criticality procedures which hava a largs degree of conservatiss.
Further analyses of the more probable K,g¢ of the reactor which
reflect the realiatic estimate of the reactor'a true Kqgg give a
value less than 0.902 for both the core and out of core regions.

The calculations ehov that the required eubcriticality (Rggg of
.99) is met by a smargin of 12 80 for both the cora and the most
reactive fuel region outside the core. Consequently, the TMI-2
reactor will be seintained asubcritical during the proposed head
removal activities coneidering any credible fuel configuration
inside or outeidsz of the core region and considering the effecte of
postulated fuel disturbances or changes in physical conditions.
Thia assurance will be provided at all tises when the reactor
coolant ia borated to a concentration of 3500 ppm or greater.
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FIgUrS -1 POSSIBLE REGIONS F DANAGEO FUEL IN THE REACTOR VESSEL
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2.0 CRITICALITY METEODS AND CODES

2.1 Introduction

2.1.1 Physics Methods for Criticality Celculstions

The most exact description of the time dependent nsutron
behavior of e perticuler system is obteined from the solution of
the nsutron tremsport equation. If tbe eyetem conteins fuel, such
as 235y, then the neutron populetion will be a function of time and
the system will either be subcriticel, criticel or esuper=-criticel.
Criticelity celculetions ere coly concerned with the system in the
sub-criticel or criticel stets. When the system is criticel, it ie
producio; as many neutrons as those being lost and the behavior of
the neutron populetion is independent of time. When the system iso
subcriticel, the neutron populetion will decey witb time unless it
ie susteined by s neutron source. If it is susteined by a source,
it will echieve s stea etets populstion level which is {ndepend-
ent of time. The degree of eubcriticelity is determined by the
retio of productions to losses.

When the neutron populetion is independent of time the wmost
exect wmethod of describing the neutron bebevior is the time iode-
pendent neutron tremsport equation. This equation considers the
oeutron behavior to be dependent on eix variables, three position
(x,y,2) end three velocity (V‘.V,.V,). In eddition, the nsutron
trensfer probebility function ies dependent on three velocity
variables (v;,v;,v;-v,.v,.v,).
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2.1.2

There ia oo genersl solution to the transport equation. There-
fore, the physica methods employed in the computer codes uased to
calculate criticality utilize varying degrees of spproximations for
the esolution of the transport equstion. While there sre sowme codea
that can trest the neutson behavior to & limited degree in ell eix
var:.ables (x.y,z.V,.V,,V.). the etanderd techaiques in criticality
salculstions ere to separste apace end velocity. Tbe codea which
eofe uwsed to sccurately compute the neutron velocity varisdles are
termed apectrum codea. Theae codea employ more epprozimations in,
their trestment of the apatisl varisbles (x,y,z) then they do for
the velocity variables. The apectrum codas ere uased to furnish
velocity weighted crosa eectiona to the apatial codes.

The astendard practice in the apectrum codea {a to transfors
the velocity variebles to a asceler function of energy, or lethargy
and a solid engle. The apetial codss employ thess seme variables
including as many ass 100 energy groups or as few as 2 groups to
sccurately predict the neutron behavior. When the apetiel codss
axplicitly trest the asngular direction of the neutrons, they are
termed tranaport theory codss. If the epatisl codes spprozimate
the anguler direction of the neutrons as fsotropic, they are termed
di ffusion theory codea. The codes for celculating criticality
slvays make some aspprozimstion of the angular neutron behavior, but
never asssume 8 coapletely fsotropic behavior.

Section 2.2 discusses the codes and their approximations in

more deteil.
Selection of for ™1-2

Tvo classea of criticality techniques have been used in this

etudy, reactor and nuclear. The reactor criticality techniques are

those used for reactor deeign. The nuclear criticality techoiques

are thoss used for out of core calculations of spent fuel pools,

reprocessing plants, etc.
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In e stendard PWR core the fuel material ie arrenged in a
ragular lattice array of fuel pine surrounded by a water soderator.
The calculational tools required to analyse such arrays havae been
highly refined by bencbmarking them aegeinet oumerous mesasuremsnte
ranging from operating reactors to critical axperimants. The fact
that the reactor fuel is in a well moderated regular srray msans
that the calculational techniques do not have to be wereatile as
fer ss. the ability to hendle widely differant fuel arrangemente or
apsctra ie concerned. MRatha:z, theess reactor criticelity tachaiquee
sust be wvery accurate in their predictions of reactivity and
nsutron raaction rates. These techniques utilize the computer
codes NULIF! and PDQ2 for etenderd calculations, and MISK’, por’
and KENO3 for special cases.

The requirements imposed oo the calculational techniquess used
in ouclear criticelity analysies are diffarent from those of reactor
criticality analyeis. S8ince puclear criticality aeafety is con-
cerned with & wide varisty of fuel arrengements and epectra the
calculational tools must be very versatile. Precisas knowvladge of
reasctivity ies eecondary in importance to the requirement that the
system in question be eubcritical by an accaptadble limit. The
acceptable limit can be edjusted to allow for uncerteinties in
calculated resctivity without impoeing an tmdue penalty on the pro-
cesses involvad. The nuclear criticality techoiques use the
computer codes KERO3, llxrAst, XSORNPH7 8 qnd ANISNI,

Both reactor and nuclesr criticality techoiques were used for
the analyses of the dameged TMI-2 reactor. Tha core damege atudiees
suggest that part of thu core is in the original lattice while
other parts of the cora hava probably bean demagad to the extant
that the fuel matarial configuration ia unknown. Furtharmoras, fuel
dedbris msy be ocut of the core region. These unusual cooditions
require the combined techoiques of reactor and nuclear criticality
aenalyeis. The numerous casas to datermine the most reactive
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configuration for the dmmaged fusl were principally based on
reactor criticality calculetions while tbe geometrical models were
principally based on suclear criticality calculations. Tbe resulte
of both calculations were cross-checked ueing both techniques.

2=4
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2.2 Computer Code Descriptions

Subsection 2.2.1 describes the computer codes used in the
reactor criticality calculationa end Subsection 2.2.2 describes the
codes used in the nuclear criticality calculations.

2.2.1 Reactor Criticality Codes

2.2.1.1 WOLIP

The WULIP! code aerves as the baaia for ths velocity weighted
crose eections wuaad in M18l3, poTé, P2 end "KENOS.  The
production library for WNULIFP contains 111 energy group croee
sectiona up to 10 Mev. These croes sections were developed from a
velocity weighted master library containing 207 energy groups up to
15 Mev. The master library vas developad from velocity weighting
of the point, or continuous energy ENDF/B crose sections which
extend to 20 Mev.

The evaluation and collection of bseic nuclear cross aection
data hes besn greatly aimplified by the Evaluated WNuclear Dats Pro-~
Jject at Brookhaven National Laboratory. Thie project ia sponsored
by DOZ with technical direction provided by the National Neutron
Cross Section Center. The objective ia to produce the ERDF/B
nuclear data library tapss which contain a collection of documented
nuclear data evaluations atored with a apecified format. These
ENDF/B tapes are the primary aources of nuclear crosa aection data

for the B&W Master Library.

The Msster Library contains 207 group cross aection dats for
each material and resonance paramstera for each resonance including
a-wave, p-vave, and unresolved data. PYor atandard core analyaia
calculations, sufficient accuracy ia obtained with the lesse
detailed 111 group production library. 1In eddition, for resonance
meteriala of low concentration, Doppler broadening and self-shield-
ing effects are negligible, and their resonance absorption can be
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represented by emooth-group croass eections. The p—wave reaonance
contributions are ususlly small gnd can also be represented by
swooth-group cross sections as can the unresolved resonances (or
high-energy portions of the unrasolved resonances) of many

ieotopes.

The NULIP code computas the neutron spectrum and provides epec-~
trum .weighted cross sections using the Production Library and phyei-
cal and geometrical descriptions of the fuel cluster, fuel cell, or
other material ragions. The spectrum is computed by aolving the Pj
approximstion to the Pourier transform of the space dependent neu-
tron transport equation. Leekege effects are approximsted by input
of a fundamental mode buckling for the region. 8elf-shielding
effects ceused by the heterogenous lattice configuration and the
different compositions of unit cells, are taken into account in the
spectrum calculation.

The neutron source for the spectrums calculation ie either a
norsalised fiseion source distribution, or ecme fixed source with a
fission source. Theoretically, the aloving down treatment for hy-
drogen moderator is exact; the Gnuling-cocrtnl9 approximation is
used for other msteriale. For isotopes vwith neutron resonances in
the epithermal range, the effective resonance integrsl for each re-
sonance peak in each microgroup ie computed by Dresner'sl0 method
ueing Sauer'sll model to compute the Dancoff factor fdr close-pack-
ed fuel pin lattices. Both self-shielding and Doppler broadening
are teken into account. In computing the epithermal spectrus, both
inelastic scattering and (n,2n) reactions are taken into account by

the use of downscatter matrices.

Belov 1.85 eV, both upscatter and dovnscatter may occur; this
ie designated the thermal energy range. Beceuee of the upscattar
effacts, the ne-*ron epectrum in this range is solved by an intera-
tive procedure. S8ince upscattering above 1.85 eV is neglected, the
sources for the thermal epectnum calculation are those neutrons
scattered from above 1.85 oV into each microgroup below 1.85 eV.
In the thermal region, the group structure is sufficiently fi_nc to
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wock up all the resonances explicitly by group crose~section

values.

Heterogenocus fusl cell local flux depression effects are ob-
teined by the method of Amouyal, Benoist, and Horositz}2. 1In this
manner, flux depression factors for each of the thermal groups are
applied to the cross section of each cell region hlou. computation
of the thermal flux epectrum. PFor wvater-mpderated lattices, the
scattering wmatrices are interpolated from temperature dependent
scattering lew (Eaywood Model) date.

If the space dependent fundamentel mode buckling is knows for
[ r;gion. the WULIF code will accurately compute the Kog¢ (Kegge = K,
"B "2)13 for the system. This is discussed further in Section 2.3
on the bencbmarking of the codes.

2.2.1.2 yq

lu.lellly. PDQ(:W2 is a few-group, diffusion-depletion progrem
used to obtain the group dependent neutron flux and reaction rate
distributions (in one-, two-, or three-dimensions) throughout a
reactor core during ite operating life. The input consists of the
P) eopectrum weighted cross sections from NULIF along wvith the
physical end gecastricel description of the reector core. Becsuse
of the lerge and diversified nsture of the computetions thet arz
rwn on PDQO?, the discussiona of each particular calculetionel
sethod are explained in several topicel reporte. These include
BAN-1011614, on fuel assembly calculetions and the use of fitted
nuclear date, BAW-101172, & ueer's wmamuel for BEW's version of
POQO?, end BAW-1011815, on techniques and procedures for core
calculations, W—lOllQ“’, oo power peaking uncertaioty, and
BAH-IO]!O", vhich compares core physice calculations to messure-
ments, BAW-1012118, ohich _iplaias the reactor protection system
limite and setpointe, I\B-lOlZZ”. oormal operating conotrols, and
3AN-1012320, the fncore iastrusentation system. 8ince the details
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of epecific calculations are discueeed in theee reporte, no other
eddicionel axzplanations of the PDQ07 procedurae and deeign
capabilitiee are given here. *

2.2‘1.3 “x"

Subeection 2.2.2.4 explains the ANISNI code.

2.2.1.4 DOT
DOT-IV4 {s a two~dimensional discrete ordinate code which
computee the neutron flux in rectangular or cylindrical
coordinates. Its other characterietice are *he eame as those in
ANISN.
2.2.1.5 KXENO

St;buction 2.2.2.]1 explains the KZNOS code.

2.2.2 Nuclear Criticality Codes

2.2.2.1 KENOY

KZNO4S s a sultigroup Monte Carlo criticality progrem
written for the IBM 360 computer but converted to run on the CIC
7600. It is intended primarily to calculate the multiplication
factor of systems of fiesile material by providing a solution to
the Boltzwan neutron transport equation based upon the tracking
of individuel neutrons in the eystem. These neutrons are
iotroduced by batches. The average of the batch Kogs valuee iv
considered to be the effective multiplication of the system.

The Monte Carlo écchniquc allovs development of a eolution

of the Boltzman equations for geometrias which cannot be handled
by other techniquee. Bowever, tha Monte Carlo technique also
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2.2.2.2

introduces mathemstical uncertainty into the solution which {e
not pressnt in other techniquas. EKENO4 produces as part of ita
printed resulte the date necassary to evaluste this mathemstical
uncertainty. It ebows the etandard deviation of the average
effective multiplication factor calculated. 1If ome represents
the KENO4 results by K and the resl velue of sultiplicative
factor by Kp then there is a 67 percent probability thet K 1o
witbin plus or misue one etandard deviation of Kp and there ia a
95 percent probebility cthat K ie within plus or wmioue
approximately cwo standerd deviations of Kp. This uncertainty is
considered in all uee of KENO4 resulta. Thie uncerteinty is in
addition to uncertainties concerned with crose-sections and

pbyeical wmodeling.
NITAWL

NITAWLS ie an acronya for Nordheim's integral treatment and
working library production. The function of thie code ie to read
cross-sections writtea in the master library format, perform a
resonence aelf ehielding calculation when required, and to
arrange the data in the format required by the code to be used in
the neutronices calculetion. NITAWL can produce crose sectiones
for the ANISN, DOT, MORSE, XSDARPM or KENO4 codes. NITAWL
includes provisions for performing reasonance calculations using
the Nordheiv's integral treatment - the most rigorous procedure.
The nerrowv resonance and infinite wass approximations are
svailable as alternate methods.

NITAVL {e & unit of the AMFPX7 code package and processes
cross sections in the AMPX formst. This allows generalized
treatoent of the cros® sections with the ability to develop
specific reection crosa esections as desircd. Tesperature
dependance of cross sections may also be included but in many
casss the tempereture dependent data availeble are limited in
scope.

-9 Babcock & Wilcox



2.2.2.3 ISDRRPN

2.2.2.4

2sDNPM8 {s a discrete ordinates code which can provide
spectrel and spatial awveraging of cross sections. It provides &
one~dimensionsl transport capebility for calculating reac
rates, sas, criticel dimensions, sod sllows apatial cross
section weighting to be performed. The code msy be used either to
calcolate the wmultiplicetion factor for simple geomstries or to
spatially weight croes sections to be used ip the calculation of
multiplication factors for more complex aituatione.

ANISR

ANISNI {s wore caxmonly used by BiW than XSDANPX and is & one
dimensions]l SN transport code which solves the Boltzmean equation in
plane, spherical, or cylindrical geometry. The nmme wes darivad
from ANlsotropic SN beceuse the incorporation of general anisotro~
pic scattering in ARISN provided a major improvement over existing
SN trens’port codss.

The SR (discrete ordinste) techoique consiste of dividing all
possidble directions of wmotions of neutrons at a given point into s
managable number of discrate units. The number of direction divi-
sions considered cen be veried so that the iﬁdividuol situations
cen be hendled in the most simple manner possidble. The solution to
the Boltzasn equation obdteined in this wey ie energy, angle, and
spstisl dependent. As the SN order is increased (i.e., as direc-
tion of wotion is divided into a large number of swmeller angles)
the solution epprosches & rigorous dascription of the system
iavolved.
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2.3 Benchmarking of the Codes snd Methods

2.3.1 Resctor Criticality Benchmerke

The benchmarking of the reactor criticality codes involwes
comparisons of the calculated results to the calculations or date
from aix other acurces.

Zxact analytical solutions of eimplified systems.
Massured activation dats, such as ruom:l'capturu and
flux profiles. '
e Experimental msasurements of criticelity and normalised
power distridutious.
o Reference calculationa that are nesrly exect for emall
systems.
Tests and operational dats from reactores.
Tests conducted on fuel and materiel extracted from
« opereting reectorss.

The resulte of benchmarks are given in References 17 and 21.
The criticality calculetions show an overall sestendard deviation
of £0.0017 AKgeg with msasured data.

In Sections 3.0 end 4.0, it will be shown thet the wost
resctive demsged fuel configurations are uniform arraye of
stecked cylindrical pellets. These arraye are one of the
simplest of all configuretions to anslyze. The criticel buckling
vwill be the ezme o8 the geocmstrical buckling alloving the
gecmetricel buckling to be used directly with WULIF to determine
cricicelity. When the geomstricel configuratione of the fuel
arreys are eimple shepes, such as cylieders or hemispherss the
buckling cen be aenelyticelly cosputed. For moras cosplex shapes,
spatieal codes 1like PDQ or KENO are used to destermine the
bucklings. Since the arrays enalysed for TMI-2 criticalicy
calculation of the demeged fuel are uniform arrays of simple
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geometrice, the following discuseion gives & brief summary of the
WUL1P resulte for uniform critical experiments.

2.3.1.1  |Uniformly loeded Critical Experiments

2-301-2

Reference 21 describes 17 cold, clean umiform lattice
critical experiments containing UGO; fuel and R0 moderator eod 14
cold, clean uniform lattice critical experiments containing
Pu02-002 fuel and #20 moderator. All these coafigurations are
approximated by right circular cylinders.

The NULIP-PDQO7 calculational results for esch of these 31
critical assemblies are given in the referance.2! The mean
eigenvalue computed for the 17 005 critical essemblias vas 0.9983
vith a etandard deviation of 0,0047. Por the 14 Pu0D,-00,
critical aseemdlies, the computed msan aigenvalua was 1.000] with
a standerd deviation of 0.0048.

Nonuniformly Loaded Critical Experiments

The undamaged portion of the THI-2 core is like a standard
core wvith control rods inserted. While the benchmark of the
reactor codes is described in the ssfety analyeis report22, the
results of nonuniform critical experiments with control rode is

briefly reviewed below.

Reference 21 lieste the core identification of &6 nonuniform,
cold, clean critical experiments containing U0; fuel pins, water
soderator, and various types and emounts of poison wmaterial.
These lattices wvere designed to particulerly mock up poison rode
in the guide tubes of fuel assemblies of BEW reactor coress.

The NULIP-PDQO7 system was used to analyze these critical
configurations wmany -of which required three-dimensional
reprasentation. The results of the critical aigenvalue
calculations are given in Referanca 21. The mean eigenvalue
computed for the &4 nonuniform loaded lattices was 0.9967 with a
etandard deviation of 0.002]. y
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2.3.2 Nucleer Criticality Benchmarke

2.3.2.1 ANISNH

Several aets of benchmark calculations have been run ueing
ANISR with the Hansen-Roach 16 group croes aection eat. Two of
these are quoted as representative.

Effective multiplication factors for critical alabe of 3
weight percent enriched UO; and water are edowvn in Table 2-1.
These critical thicknesses Are taksn from Referenca 23. These
rasulta are quoted as a function of the order of angular quadra-
ture. Note that for thia case increased angular quadrature doss
not change the result.

Pigure 2-1 ehows the resulte of calculations of the infinite
sultiplication factor by ANISN.2& <The line labeled "PCTR DATA"
{0 experimental values for the infinite sultiplication factor for
the mixture in question. The dashed line ehowe the infinite
sultiplication values calculated by ANISN. The reeults ahow good
agreement.

2.3.2.2 NITAWL - KEROA

The NITAWL - KENO4 combination hae been benchmarked by
comperison with critical experimsnte in 21 cases representing the
seperation of fuel asssemblies in water. In this work criticial
experimente were performed with eimulated fuel assemblies placed
at various epacings. Detaile of this work may be found in
Reference 25. The reeults of the comparieon are shown in Tables
2-2 and 2-3. In cores I through X only moderator eeparated the
eimulated fuel assemblies. In cases XI through XXI ehests of
stainless eteel or borated aluminum vere placed betveen the umite

to reduce interactionm.
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2.3.2.3

NITAVL - XSDRAPH - KEROL

In this combination of codes RITANL is uaed to perfors
resonanca aelf ahielding calculationa. XSIENPY ia ueed to
apatielly weight cross aactions, aod KERO4 is uaed to calculate
the systea multiplication factor. Thie combination ia uaad where
the geametry is auch that it would be difficult to describe each
region of fissile material explicity. Thie combinmaetion has heen
benchmarked by spplying it to a aeeriea of experimental
meacurements as descridbad iIn Reference 26. This work wae
aimiliar to thet deascribed im Baction 2.3.2.2.

However, the fuel bundles used contained fuel pins arranged on e
clossr spacing than wvas the case in Bection 2.3.2.2. 1In this
work the objective was to simulate the storage of exposed fuel
pins which hed been removed from fusl assemdlisa and repacked.
The effective multiplicetion calculated for theses critical
systems are showvn in Table 2-4.

Table 2-1. Multiplication factors fot Critical Slabe
of 32 (by Weight) Enriched U0; and Water
Calculated by ANISN

kq
< 3
..... = Thickness
Cese _E/t : in. ; 84 8s 812
1 51.90 7.17 1.00% 1.004 1.004
EN 71.85% 6.64 0.998 0.998 0.998
k| 86.40 6.55 0.992 0.992 0.992
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Table 2-2. Bercdumrk Core Loadings Adjusted to 145 cm Modkermar Height

Ke ar 145 ca edermor height

Spacirg
beDsmen To. of Mxdarator Mesmsred Caloy by KBO4
TN, C boron conc, Modarator
cxe o pim __pa  cepc ™ 1o * 1
I - 0 0 2l 1.0002 0.0005 0.998 0.006
11 0o - 0 1037 18.5 1.0001 0.0005 1.007 0.00%
m 1 0 764 18 1.0000 00006 0.999 0.004
v 1 8 0 17 0.9999 0.0006 1.006  0.007
v 2 64 0 12.5 1.0000 0.0007 1.005 0.005
)¢ 2 64 0 172.5 1.0097 0.0012 0.998 0.004
i k) % 0 17.5 0.9998 0.0009 0.9%  0.00S
120483 k) k 0 12.5 1.0083 0.0012 1.003 0.005
X 4 0 0 172.5 1.0030 0.0009 0.987 0.00S
Table 2-3. Bevchumrk Core Loadings Adjusted to 130 cm Moderetor Beight
Ko & 145 cm woderator height
Spacing
between Type of Moderator Measured Caloy by KRND4
oTays, isolation boron cooc, Moderetor
Caed . _sheets yoe tep ¢ % 10 K 1o
X k) Fooe 143 2.5 1.00001 0.0009 0.988 0.004
I 1 8. oteel S14 2% 1.0000 0.0006 1.015 0.004
b 49 2 8. steel 21?7 % 1.0000 0.0007 0.991 0.005
oI 1 1.6142 B/Al 15 0 1.0000 0.0010 1.008 0.005
v 1 1.257 B/Al /2 18 1.0001 0.0010 1.003 0.004%
v 1 0.401X B/A1 »5 18 0.9998 0.0016 0.995 0.005
™ 2 0.401X B/Al 121 12.5 1.0001 0.0019 0.930 0.003
vt 1 0.2422 B/Al 487 17.5 1.0000 0.0010 0.993 0.005
iu 2 0.2422 B/Al 197 18 1.0002 0.0ail 1.005 0.005
XX 1 0.10GX B/Al 63% 17.5 1.0002 0.0010 0.9%1 0.004%
b o ¢ 2 0.100% B/AL 320 172.5 1.0003 0.00t1 0.997? 0.005
xa k) 0.10QX B/Al n 16,5 0.9997 0.0015 0.981 0.004

oSee Reference 25
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Table 2-4. Calculated for Arreys of Modules
Containing Tightly Packed Puel Pins

Module Ioterwodular Calculated K, 2 16
Core arrangesent spacing
1 5xz5 1.778 = 1.943 1.002 & 0.007
11 Sxz5 2.538 = 2.705 0.98% £ 0.007
111 Sx5S 3.807 = 3.976 0.979 ¢ 0.006

L2

Keo
Lo

Pigure 2-1. Infinite Multiplicstion Pactor Va Moderatior

! \~V(8.0103 ANISN
7 N

| U(3.04)04

PCTR DATA
U(4.0)0, ANISN '
7/
4
'

" U(4.0105 ANISN

H/U ATOMIC RATIO

] L L_A 2 22 A A 2 1 4 001 1 A a2

4 2 T 4S80 2 T 435678100 .20 3040
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3.1

3.0 CRITICALITY CALCULATIONS PERFORMED FOR THE CORE REGION

Introduction and Background

The criticality calculations performad following the TMI-2
accident had the objectiwe of determining the boron concentration
which would ensure that the mspat reactive condition of the demaged
core wvould be shutdown (where shutdown is defined by the standard

technical specificetionl as Kgge < .99).

The NRC revieved these calculations, along e¢ith their own end
those of the Brookhsven National Laboratory, and concluded in their
Safety Evaluation and Envirommental Assesement? that the core will
be subcritical in all poseible configurations at ebout 3000 ppm
boron. This concluaion was further supported by the NRC evaluation
of core damage where they determined that only about 402 of the
gircaloy cladding reacted vith vater.3d

To ensure adequate shutdown margine in the core region during
the proposed recovery operations (axial power sheping rod (APSR)
insertion, control rod drive machanism (CRIM) uncoupling, through
hsad inepection of the reactor interrals, and reactor vessel head
removal) the criticality analyses performed immediately following
the accident wvere reevaluated. The reevaluetion of the criticality
analyses considered the entire range of demaged core conditions

that could credibly form a highly reactive configuration.

The discussions in Subsections 3.2 and 3.3 give the background
of the analytical methods and procedures used for determining the
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most resctive condition of the dmmaged THMI-2 cora. Rubsection 3.2
provides an explenstion of the parameters that affect the criti~
cality "analyses of the cora. Thasa parameters are grouped imto
four cetagorias (i.s., fuel compositions). Diecuesione of the
methode and procedures for analyzing esch category ars coatimuad in
Subsection 3.3.

‘Subsections 3.) and 3.4 are included in this aeasction as @
recap of the methode and procedures used in the criticalicy
snalysea for THI-2 during the cooldown period. They are primarily
intanded to show how those anslyses were utilised in work reported
in Subsection 3.5. It is not necessary to resd Subeecticns 3.3 and
3.4 to undaerstand the results of the current analyses. ‘

The objective of the criticality calculations is to determine
the smost reective condition (highest lavel of neutron sultiplica-
tion) and show that it is asubcritical by & safe margin. Thus, the
mathode ani procedures used to detarmine the w®ost reactive
coditio;u involve many aseumptions and’ epproximations. These
sssumptions snd epproxzimations aere intended to cowpensate for the
uncerteinties associated with the sctusl physical conditions (such
as manufacturing tolerances or core damage in the cesse of TMI-2) by
aslveys being spplied conservatively and hence producing a higher
reactivity than would be reslistic if they were not used.

The assumptions and spprozimetions often tend to simplify the
analyses. While the simplificetions and consarvatisms ‘result in
physical wmodela that are not reeslistic, these modela are not
completely incredidbla. Thus, the modeling of the core (Subsection
3.4) canters on credidble worst csse assumptions and approzimstions.
The wmethode and procedures for the analysie iavolve a eystematic
search through the cstegories of parametere for the worst case
combinstion of perametars which produces the most raasctive com-
position and eonﬂgunt-ion. The modale of the demsged coras that
produced the most reactive conditions are discussed and echemat-
fcally illustrated in Sudbsection 3.4. In BSubsection 3.5 the
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resulte of the wmazieum credible damage configuration are
presented.®:3 Thie configuration ie pert of the design bdasie for
the current eefety evalustion? and for the reassessment of sbutdown
wargin io this report. The results show that this configuretion
has a Kgeg of 0.963. BSubsection 3.3 also coatsins the results for
the core Kggge (0.977) with all the fusl damsged. While this is a
hypotheticel configuretion, it ie worthwhile to consider when
assessing tie safety of the TMI-2 sbutdown margins.

3y Babcock & Wilcox



Parameters the

Criticality can ba defined aa a aelf sustaining neutron chain
reaction. The objective of criticality aafety is to determine the
necssaary conditions thet will prevent a chain reaction from
occuring, even when the system is {n the moet reactive condition

possible.

The criticality analyses for THI-2 begen by identifying the
paremetera in the core that could affect criticality and produce a
highly raactive coofiguration. 8ince neutrons will react with all
isotopea, all the materials which comprise the core of the reactor
affect the production and absorption of neutrons. Therefore to
identify the wmasterials in the reactor, the apecifications for the
THI-2 core were reviewed.® The core region without fuel {s an
approximate cylinder 5.4 feet in radiua and 13.8 feet high, filled
vith vater. The wvater may contain other chemicals such aa boric
acid and lithium hydroxide. The fual vas in the form of 177 fuel
assemblies, divided into 3 batchea of 61, 60 snd 56 assembliea.
The assemblies within each batch were wmancufactured identically
except for the difference in the U-235 enrichment. The aaaexbliee
are deeiguned with a 15 by 15 array of calla on a aquare pitch.
Each assembly contains 208 fuel rods with the 17 other calle
consieting of one central instnment tube and 16 guide tubes. The
guide tubes may contain either burnable poiaon roda, control rods,
axial power ahaping rods or water. The fuel roda contains atacked
UO2 pellete with zircaloy cladding and are surrounded by the water
soderator. The cella within the asaembly are held in a aquare
array by lnconel ltidls.

In developing a liat of parmmeters which affect criticality,
one logicai approach {s to define categoriss of parzmeters which
heve similar effects. The followving four categoriss are defined
from the principal components of the neutron tramsport equation.
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Tual Composition

Moderator Composition

Fuel-Koderator Cambinations

Fueal-Hoderator and Relector Configurations

The production of neutrons originates in the fuel with the slowving
down of the fission neutroms occurring in the moderator. The
arrangement of the fusl and moderator affects the overall meutron
absorption rats while the shape of the fuel-mpderator coanfiguration
sod the surrounding reflector affects the leakage rate.

Each of the following subsections discusses the effects that
the various parameters have on criticality. The discussions are
simply to demoastrate that a conscientious and systematic mathod
wase used to ansure that etandard criticality practices are
appplicabla to the damaged TM1-2 reactor and that all paraseters
have bean conservatively examined.

3.2.1 Puel Composition

The jersmeters affacting criticality in the fuel composition
category are:

e Chemical coaposition

e Puel enrichment

e Burnup, or isotopic composition

e Physical reconfiguration with moderator and structural material
o Temperature

The fuel vas manufactured in the fors of D02 ceremic pellets with
each pellet stack having ths ssme weight and dimenaions (within manu-
fecturing tolerances). The isotopic content of the uranius ves the
only diffarence between pellets of the three fuel batches (1.98 wt.Z
U-235, 2.64 wt.Z U-235 and 2.97 wt.I U-233).
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The resctor operated at power for approximately 94 equivalent

full power days. As a result of this operation, each fuel pellet
achieved varyiong degrees of buroup in proportiou'to the everage pover
it produced during thet period. Consequently, esch pellet contains
plutonium and other trensuranic isotopes as well as fission products.
During the accident, the oxida fuel was exposed to an envirommsnt
which could heve altered its chemical composition., Therefore, the
various fuel parematers considered as part of the criticality
assesoments iocluded uranium, plutonium and transuranic content,
fission product inventory, chemical composition, enrichment, and
sodsretor and etructural wmaterial that may heve comhined with the
fuel or eurrounded it.

The high temperatures during the accident could have resulted in
oxidation of the U0y, Pu0Oz, etc. to other ozide forme such as U;0g.
Bowvevar, only the dioxide form of the fuel needs to be considered in
the criticality enelyses eince it has; (1) che lowest amount of
oxygen, the lovast potential scattering, and lowvest resonance
integral;. end (2) the greatest density of uranium end is, therefore,
the moet reactive oxide form. thile pure mstallic urenium is more
reactive than U0z, the conditions necessary to convert U0 to U
have not been shown to have occurred during the accident .43
Consequently, the oxides, UO;, PuO2, etc. are the most reactive
form to consider for criticality calculationes.

Since scme of the szircaloy cladding feiled during the accident,
the fuel vas exposed to a high temperature eteem and water environ-
ment. In this eaviromment, the fuel solubility was considered along
vith chemical separation of the plutonium and fiesion products.
Hovever, uranium dioxide and the other transuranic oxides are neither
soluble nor separable in the wmoderator enviromment which existed
during the accident or has existed folloving the accident. To
separata the constituents of the fuel in a reprocessing plant re-
Quires concentrated nitric end eulphuric acids used io a complex
chemical process to dissolve the fuel with further chemical treatment
to chemically eeparate the constituents.’ The conditions necessary
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for this to bave occurred dt THMI=-2 were mot present. Thus, the
chemical composition of the fuel is the dioxzide form with uranium,
fission products, and transuranice within cersmic particles.

The emount of uranius, transuranic elemsnte and fission producte
ia the fuel is a function of the initial enricbment and the burmup
that each part of the fuel experienced. Before the sccident, the
three-dimensional core pover distribution was contiouously wonitored
and compared to predictione. The depletion of reactivity (indicated
by the changinog eoluble boron concentration) was aleo being
predicted. Therafors, the criticality calculation for the shutdowan
margin of the core has lumped the reactivity effects of burnup
(uranfum, plutonium, fissfon product content of the fuel, etc.) into

one parzmeter.

The nominal fuel enrichment for esch bstch was used to determine
the pover and hence the burcup of the fuel along with the reectivity
effects of burnup. As indicated above, thie gives an accurate
rnctivity' prediction. However, to ensure conservative criticality
predictions, the resctivity of the fuel was calculated assuming that
the manufectured concentrations of U-235 were all two etandard
deviastions greater then the nominal values, 1.99 wt.2, 2.66 wt.2 and
2.98 wt.2, respectively for batches 1, 2 eand 3., 80 the reactivity
effects of fuel enrichment were conservatively predicted to provide
higher reactivitiesa than would be realistic. Conversely, the total
uranium mass was the nominal value for each batch. This combination
of ursnium mass and enrichments provides a conservative prediction of
shutdown margin.

As a result of the accident, it could heve been foniblc for the
daneged fuel to be reconfigured into a fused mass with either structu-
ral materisl combined with the fuel or surrounding it, or moderator
entrapped within the !uo!.. While these parsmsters will affect the
reactivity of the fuel, calculations performed for this analysis show
that moderating materiele will incresse the potential ecattering
vithin the resonances and thus decresse reactivity, and absorbing
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structursl wmaterials (even =zircaloy) will decresse rea:

Therefore, neither wmoderators nor etructural wmsteriale bas been
considered in fuel particles that are lees then the eize of polhn.’
Subeection 3.2.3, Fuel Moderator Combinations discuesea the affects
of sircaloy oo amalgemated fuel particlee thet may be larger than a
pellet. (Wo fuel particles of DOz larger than & pellet were
considered eince the temperatures bpeceesery to emlt D07 bave oot been

ehown to bave occurred.®:3)

The last paramater affecting the rea of the fuel {»o
temperature. The temperature of the fuel {s determined by the
temperature of the eurrounding moderetor and the best generation
wvithin the fuel. Because the resonence abdeorption of U-238 increases
vith increesing temperasture, the lowest fuel temperature {s the moat
reactive. Therefore, since heet generstion will elevate the fuel
temperature above the moderstor tempersture, it fs conservative (wore
reactive) to consider the fuel temperature to be at the lower
tempersture of the wmoderator. Consequently, the fuel tempersture
vill be the eeme as the wmoderator and the combined effect fo
diecussed in Subesection 3.2.3.

In summary, the peremeters in this cetegory thet will be directly
trested in the criticality calculetions are enrichemnt, bursup and

fuel temperature.

Moderetor Composition

Uomoderested uranium is oot cepesble of achieving criticality at
enrichmentsa less then 5.0 wtX U-23S.

Therefore, a moderator is neceesery to produce criticality in an
arrey of lovw enriched fuel eimiler to that in the TMI-2 core. S8ince
the fuel will not dissolve in the moderstor, bomogeneous mixturee of
the moderstor and fuel are oot considered. Furthersore, calculatione
performed for this etudy ehow thet for lowv enriched fuel the wmodera-
tor is much more effective surrounding the fuel. Therefore, the
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soderator will be considered as the medium that surrounds the fual
particles.

The as~built msoderator region consisted of helium gas eurrounding
the fuel with zircaloy cladding encapsulating the fual and belium to
form fusl vods. The fuel rods are Deld in a 135 dy 15 array with
Inconel gride. WVater, with other chemicala, surrounds the 208 fuel
tode &nd fille the epsces vot occupied by instrument tubes, guide

tubes and other componente,

The parsmsters that affect criticality in the moderator are:

e The density of the vater (pressure and temperature).

e The boron coancentration in the water.

e The other chemicale in the water used to control the pH
of the water.

e Structural materials (Inconoel, steel and gircaloy) and
poseible compounds of these materiala.

e Tuel fines.

The dansity of the water is priacipally a function of ita tempera~
ture and pressure. Folloving the accident the system presaure vas ap-
proximately 1,000 peia and temperatures were 160°F or sbove. Ounce
natural circulation was achieved, tba temperatures allowed by the
technical specification were between 280°F and S0°F. At temperatures
belov 160°F, less than a .32 error will result in the wvater dansity
if the preessure is aecsumed to be atmospheric. Therefore, when
tesperatures are above 160°F, pressures of 1000 peia were used to
compute the water dansity, aend when temperatures are below 160°F,
atmospheric pressure was used to compute wvater density. While the
moderator coatains boric acid, sodium bydroxide, lithium hydroxide
and poesibly, the hydroxides of tbe structurel material (zirconium
hydroxide, etc.), these compounde are in such dilute solutios with
the water that tbe density of water accurately reflects tbe density
of the moderator. i
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The temperature of the moderstor cen effect criticelity by,
1) chenging the density of the water, 2) changing the velocity of
the thermal neutrons, end 3) chenging the aetom density of the
boron. Depending on the magnitude of these affects, the
vesctivity msy either incresse or decresse with an increesse in
moderstor tempersture. 8ince the moderastor tempersture effects
will elso be combined with the fuel tesperature effects (both
temperstures will be the emmes), the combined effects will be
diecussed in Subsection 3.2.3 where the fuel=-mpnderator

cambinetions ere discussed.

The boron concentretion in the moderetor is defined as the
wveight percent boron in water. Ths control of the boron concen-
tretion provides the mesns of controlling criticelity end ensur-~
ing en adequate shutdown margin.

Because the boron in the wmoderstor results in s weakly
acidic eolution, strong hydroxides (lithium or sodium) in dilute
concentretions ere added to the wodsretor to control the pR
factor. These hydroxides ere ell neutron absorbers and,
therefore, decresss resctivity. Howaver, since the concentration
of the hydroxides is very dilute, their nsgetive reactivity
effect is ignored.

Neither the structurel materisls, nor oxides or bydroxides
of the structursl materisl will incresse reactivity. These
materiels provide insufficient neutron modaretion to offset the
negative resctivity effecta of their neutron abdsorption.’
Celculations performed for this etudy heve shown thet only the
sircaloy cledding bee @& lov enough negetive reactivity to be @
fector in incressing the core resctivity by chenging the reletive
amount of moderstor in the mixture of fuel end wmoderstor. Thie
phenouenon wae observed in the undamged region of the core where
the 30°F tapon:uru' and 3500 ppe boron concentretions have
produced & very positive moderstor density resctivity coefficent.
When the fuel in the undemeged core region wee
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assumed to have #mo clsdding snd to be completely water logged,
the resctivity dacressed. Thie effect will be further explsined
when -structurel materiels in the moderstor are considered in the

fuel-moderstor combinstions, subsection 3.2.3.

Ths one compound of the structurel materiel thet could
affect resctivity is zirconium hydride. Bacsuse of the acettar-
ing properties of hydrogen aend the wery low absorption of
neutrons by szirconium, this compound {s a good moderator. It {s
present in wvery emsl]l quantities in any resctor with szirceloy
cled fuel. During the eccident, the hydriding of the szircsloy
may bave been eccelersted by the bigb temperstures and free
hydrogen thast occurred ss a result of the zircaloy rescting with
vaeter. Hovever, assesements of fuel damage have concluded thst
the szircsloy wss predominsntly osidized.4s3 Therefore, the
trestsent of the =szirceloy will be 1limited to a structursl
msterisl of pure metel.

The last moderator psremeter thst could have sn affect on
criticelity is the presence of fuel fines mixzxed in with the
moderstor. As e result of core demsge during tbe accident, it {is
possible for fuel particles to be in the moderstor region. They
mey be in verious psrte of the reector coolent system including
sround sress of undamsged fuel. These psrticles may be in a
range of sizea. While tbis effect may seem to conflict with the
concept of heving sepsrste categories of fuel end moderstor
compositions, it will be explained further in subsection 3.2.3.

In summary, the psrameters in tbis cstsgory that will be

directly trested in the criticelity cslculstions sre moderstor
density, structursl materiel, end boron concentretion.
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3.2.3 Puel-Moderator Combinations

The discuseions thus far have exzplained that low enriched
fuel is oot a criticality concern by itaelf. It ia only through
the effecta of neutron moderation (slowing down the bigh valocity
fission neutrons) that a eustained neutron chain reaction can be
achieved. Therefore, the fuel and woderator muat act {n
combination to increase the reactivity of the fuel. Bowever, the
combination that produces the bigheat reactivity will be wery
dependent on the boron concentration in the moderator.

This subsection conasiders the paremsters that affect the
criticality of the fuel-woderator combination. These parametars

are:

The aize and shspe of the fuel.

The size and shape of the moderstor eurrounding the fuel.
The astructural mstarial that may be in the moderator or
surYounding the fuel.

When discuseing the fuel and moderator campositions, it was
explained that if s scattering waterial is in the fuel, it will
increase resonance absorption and hence lower reectivity; it will
also moderste the fast neutrons, increasing the probabilicy of
thermal neutron fiseion which will incresse reactivity. These
opposing effects can be eliminated if the wmoderator is placed
around the fuel. Then the reactivity of the fuel ia increased by
neutrons being w®=odersted without incurring the reactivicy
decrease caused by enhancing absorption in the fuel. Thus,
lumping the fuel into particles enhances reactivity. Clearly, if
the fuel weras divided into particles so small that the fuel and
moderator could be trested aes if they were howogeneously mixzed,
this would not be effective. 50 s finite particle asize that
gives the largest reséctivity wust be determined. The limit of
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this perticle size is a pellet, as long as the fuel contains no
structurd]l wmaterial which could cemsnt pellete together. If
structursl materisls ere present in the fuel, ae msy be the case
vith the demsged TMI-2 fuel, then the maximm particle siss is
essentislly unlimited. Therefore, fused fuel particles with a
sinimm of structursl msterisl needs to be assessed.

It will be explained in the MHsthode and Procedures Bection
(3.3) chet the eize of the particle which gives the highest
reactivity when comdined with the amount of modarstor thet gives
the highset reesctivity must be determined. Omnce this aize has
been determined, all fuel particlee in the demaged part of the
core will be sssumed to have this sise.

The shspe of the fuel particles in the modsrstor aleo hes en
sffect on resctivity. The pellats all sterted out as right
circuler cylinders. Power opsrstion resulted in pellet cracking,
end the effecte of the accident probadly fractured theém with some
fuel poseidbly becoming fused.

These irregulerly ehsped particles may be trested ee
regulerly shesped perticles with swooth surfsces if the volume of
fuel is preserved end the retio of surface sres to volume, or the
sversge chord length through the perticle is preserved. While iq
reslity it ie not alveys poseidble to preserve the restio of
surfece to volume, it is poseible to creste a persllelepiped,
cylinder, or esphare thet is equivelent to the irreguler perticle
such thet e regulerly shsped perticle results in e negligidle
resctivity differencs. Thus, the perticles have been trested as

regulerly shsped solide.
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In aeddition to the particle’s ahspe, the ashape that a
collection of particles forms in the modarator will also have an
affect on criticality. 1If one section of the core ia considared
to be undameged, emall fuel particles mzy collect in the modara-
tor around this undamaged aection to c!.fcct overall reactivity.
FPuthermore, in the demaged section of the core it ia posaible for
large snd small particles to agglomerate together.

While an aegglomsration of fuel with modarator filling any
apaces between particles may be @& realistic picture of the
demaged core, the criticalicty modeling eeparates thie agglommra-
tion into regular and symmetric shepss. The moderator is modeled
to surround the fuel with & volums that will be determined to
provide the wmost raactive fuel-modarator combimation. The
fuel-moderator combination will heve a rectilinsar shape thet is
defined as @& cell. 1In sudbsection 3.2.4, it is explained bow tha
cella are formed into geocmatrical configuration by combining thea
in regular uniform errays.

The undemaged portion of the core is considered to exist in
cell arrays with each cell consiating of a cylindricel fuel
particle surroundad a square moderator region. Theaa celia are
arranged in atacke that form fuel rods. The amount of modarator
in this cell may not be the optimum amount to provide the highaat
reactivity. If cthis is the cass, the structural materiel will
either be the as-built amount or neglected, whichever is more

conservative.

It is posaible that fuel fines from the upper damaged region
of the core are within the lower undemaged region (see Figure
1-1). Celculations parformed for this etudy and hy othara heve
shovn that if fuel particles of lesa than optimal size are added
to particles of optimal size (with the fuel-modcrator combination
that produces the higheat reactivity for each size particle) the
resulting reactivity will be leas than that of the fuel-moderator
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cosbination with optimally sized particles.?:® Thus fuel fioes
in cthe w®woderator are not explicitly considered io the
calculations, rather all fusl will be assumsd to heve the same
eize as discuseed in Subeection 3.2.2.

The temperaturss of the fuel and moderator are considered to
be -the. same. When the emount of woderstor volume s bdeing
determined, the optimm temperature of the combinetion s a
parameter that neede to be evaluated concurrently.

In eummary, the parameters that affect cricicalicy for
combinations of fual and wodarator are, the siza and shape of a
regular fuel particle (parallelepiped, cylinder, or sphare), the
esount of wmoderetor surrounding the fuel in & regular rectilinasar
shaps, the etructural msterial in the wmoderstor if the amount of
wodarator is constrained by the cell siza (euch aes {a che
undemaged core), and the cell temperature.

3.2.4 Pual Moderator and Reflector Configurations

The fusl-modarator combinations can be analyzed to determine
the call that is the wost reective. However, a eingle cell is so
snall (on the order of a few cubic cantimeteres) thet the leakage
of nautrons from this cell would preclude criticalicy. To attain
the moet reactiva configuration, thousandes of celle are assembled
togather. The pareametars affacting cthe cricicalicy of chie

configuration are:

o The eiszse of the configuration
The ahape of the configuration

e The other waterial compositions that may be within the
configuration

e The reflector matarial surrounding the configuration.
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The mmber of cells to be considered in amy configuration
are the number possible from the total available mass of fuel.
The shape of the configuration is one whose ratio of aurface to
volume {s & minimm. The lowar the aurface area, the lower the
leakage of neutrons and the higher the reactivicy. The ahepe
however, must be at least credible within the confines the TMI-2
resctor. For the portion of tha core with undemaged fuel, the
shape is the existing cylindrical shape; on the top of the
undassged portion may be a damaged portion also roughly
rasembling a cylinder.

The non-fuel matariala that may be disperaed within the
fuel cell arrey include tha instrument tubes, the incore detector
assemblies, the control rod guide tubes, (which wmay contain
moderetor, lumped burmable poison rode or control rode), end
other structural material. The presence of these materiale which
absord npeutrons decreases the reactivicy of regions where the
fuel moderator combination has been optimizsed to achieve the
highrest reactivity. Therefore, in the dmmaged portion of the
core, it is conservative to neglect these materials. In the
undamaged portion of the cora, the atructural materials may
dieplace wmoderator, thus the lusped burnable poison rode,
instrument asssmbliea, etc. must be considered with respect to
moderator displacement. Howaver, their absorbing effects on
cricicalicy will be neglected. Only cthe abeorption of the
control rode is assumed to exist in the undamaged part of the

core.

The reflector materiale eesrve the purpose of returning
neutrons leaking from the fuel-mnderator configuration back to
the fuel. By providiog a fusl-moderator configuration with a
reflector that completely aurrounds it with optimal neutron
reflection, the raactivicy of che configuration will be
increassed. Many materiale are good reflectors, so the criti-
cality calculations muet assess wvhat materiala in the core
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are the beat reflectors, and vhether they are distributed in

a geometrically credible wsnner.

In summary, the psrameters affecting criticality within the

fuel-mnderator and reflector configuration are the total
mses of svailedble fuel, the ahspe of the coafiguration,
materials within the configuration that affect the modarator
volume, control rods, and reflector materiala.
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3.3

Methods and Procedures

Section 3.2 provides an assesement of the parameters affecting
ericicality in each of the four categories that are identified as
the principal componente of the mneutron balence equation for
criticalicy:

‘e Fuel Composition

e Mogerator Compoeition

e Fuel-Moderator Combinations

e Fuel-tderator and Reflector Configurations

The basic parametere ehown to bde important in the criticality

evaluation are:

= The enrichmant of the fuel.
= Burnup of the fuel as a whole.
= Moderator density snd tha boron concentration.
= The eize and shape of the fuel particles.
= The moderator voluse surrounding the fuel.
= The etructursl material thet could change the
moderator volume.
= The temperature of the fuel-spderator mixture.
= The ehape of the fuel-moderator configuratios.
= Structurel materisle within the undemaged fuel-
soderator cosfiguration.
= The presence of control rods in the undamaged configurativn.
= The reflector materisle around the fuel moderator configura-
tion.

The affects that thess parameters, as well as others, have on
criticality were assessed by coneidering each paremster separately.
Rovever, none of the parametere cen actually %z sssessed indepen-
dently wvhen determining that parsmeter's affect on critfcalicy.
Rach parameter has an affect on every other perameter. Thue, the
methods end procedures used for the criticality calculations suet
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provide a eystematic optimisetion seerch of the parametere to
produce the moet reactive combined effect of ell the parametere.
Experieace in criticelity eneslyses has ehown that conservetive
trestment of the paramstere not lieted above ellowvs them to bde
iodependently aseessed vithout effecting the optimisetion seerch.

Thie eection describes the procedurese for using the celcule-
tions]l methods diecuseed im Section 2.0 to determine the woet
reective combinetion of ell the peramsters. These msthode egd
procedures ere the eams ones ueed to ensure the TMI-2 reactor wee
safely ehutdown (Kegg < .99) ismedietely following the eccident.
They heve continued to be used in thie etudy for the recovery

operations.

The following diecussions review the results of these
eystemstic procedures showing how the wost reective combinetions of
the ebove peramstars were produced to snsure thet the resctor wae
subcritiel. The resulte of this asnelyeis ere equelly epplicedle to
the sefety eveluetions for the proposed activities (APSR insertion,
CRIM uncoupling, through heed inspection and head removed) of the

recovery operetions.

The celculestions of the THI-2 core covered @ broed epectrua of
fuel configuretions renging from the iotect core to homogeneous
aixtures of moderstor end fuel.

Celculetions wers performed on en undemeged core for which the
enrichment of the fuel wes the nominel manufectured velue for the 3
batches of fuel. The buroup eod reectivity of the fuel wvas pre-
ciesly kmovn es @ result of celculations benchmarked to msesured
dete. The woderstor tmspersture ves a verisble renging between
160°F end 280°F. The fuel wes stendard pellate within the stenderd
15 by 13 errey. The cledding ves sssumed to be damsged and weter
could heve filled the gep betveen the cledding end fuel pellestes.
The gride, hovever, were intect. The iostrusent tubes eod esomm-
bliee wers intsct but dmsege to the lumped burnsble poisons wes
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assumed. The boron concentratinn wes determined to produce a 1.0% 4p
shutdovn margin,

Stendard diffueion theory design and
criticality calculations® were performed ueing WOULIP-PDQO79 to
deteruine the boron coscentration required to keep the core 1Z
eubcritical (Kggy = 0.99). The calculations ebowed thet 1800 ppm
boron was required, coaoservatively assuming that, (1) all ceatrol
vods wera out of the core, and (2) there were mo poisoning effecte
from either the lumped buruadle poison rode, menon or samarium.
(Lover wmoderetor temperaturas wera found to be less reactive eince
the undamaged core has a poeirive temperature cosfficient).

The positive moderstor tesperature coefficient in the umdemsged
core indicates that the damaged core could be much more reactive
than the undamaged core. Bowever, the arrangemsnt of the fuel in
the demaged cora is unknown. Therefore, the calculation of the
optimum combination of the parameters affecting criticality depended
on aensuring that the core arrangesent would be conservatively
treated.

The parametere affecting criticality in the damaged core can be
divided into 3 claseifications; thoses that could be fized, Jse
that did not nsed to be a primary veriable but whose affect could be
applied as e reactivity coefficient, end thoss that were & primary
variable.

The fixed parameters were enrichment and the reflector
materiala while temperature affects wera analyszsd at 160°7 and
280°F. The perameters that could be calculeted as coefficiente are
burnup, the etructural materiale in the moderator and uvndmmaged cora
section, and the worth of the control rods. The prisary verisbles
fncluded boron concentration, the size epd shape of the fuel, the
modevator volume, and the shape of the fuel-moderator configuration.
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Before discussing the mathode and procedures uveed to calculate

the variable paremstare, the procedures for determining conservative
valuee of the fixed paramstera vwill be explained as will the methode
and procedures used to determine the reactivity coefficiente.

The fuel in the wmdemsged core is arranged with the 1.98 wt.
batch 1 aceemblies and the 2.64 wt. I batch 2 aseesblies adjacent to
esch other in a checker board array im the central region. SBurround-
ing the batch ] end 2 aceemblice on the periphery of the core are
the 2.97 wt. I batch 3 assembliss. The neutronic importance of eny
batch is not significant since the assembly arrangement was selected
to produce a relatively flat pover distribution acroas the core.
Therefore, a volumetric weighting of the batch, i, 2 and 3
enrichments was judged to be a reliadle msans of aversging the
enrichmente. Thie avarage enrichment wee increaeed by .05 wt. X to
be conservative, resulting in 2.60 wt. I as the average enrichment
of the fuel. KERNO calculations with all fuel in the undemaged core
heaving en enrichment of 2.60 wt.l were in good agreement with
equivalent PDQ design calculations explicity representing each
diecrete assembly's enrichmant.

In the damsged portion of the core, one average enrichment
(2.60 wt. Z) for all the fuel was also judged to be conservative
since this would rapresent a random mix of the fuel. A scenario
with the dasagsd batch 3 fuel collecting in the center of the batch
1 and 2 fuel and, theredby, inocrsssing the effective average
enrichment is considered incredible. Coneequently, all damsged core
models (including ones with a psrtially undamsged core) uesd a
single conservetive averege enrichment of 2.60 wt. X.

The temperatures of the moderators under stable conditions were

knovn from msasured data. The highest value was 280°F while the
lovest vas 16(°F. Therefore, both temperatures vere analysed at tha
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most reactive reapective conditions and e tmmpersture coefficient
ves celculated to determine the reactivity effecte of the
temperature changes.

The effects of reflector materiels ere well known through
exparience. When criticel errays ere surrounded by reflectore theat
are ecssantielly infiaite, the reflector sevings of the materiales {a
known to be the squara root of their migretion eres. The reflector
esvings for amy materisl or group of materials in the reactor {is
elvays leess then 20 centismmtere. Therefore, the leakage for any
regulerly ehsped geometricel configuretion ie datermined by the
geometrical buckling with & 20 centimeter reflactor sevings. 1In
cases where the reflector materiel was obviouely known, euch aes the
top end bottom of the core where the moderator ia the reflector, end
for the eides of the undemeged cors vhere moderator and aeteel fa the

reflector, the migretion length was ueed for the reflector savinges.

The reac effects of the burned core hed been asccurately
celculatéd by the design models as evidenced by the benchmarks to
mmesured date. Bovever, the KENO model with unburned fuel was used
to determine the wmost reective fuel configuretion. Conseguently,
the eoffects of burnup on the resctivity were not pert of the
enalyeee to produce the wmoet reactive condition. The reectivity
effect of buroup wea eudtrected from the moet reactive configuretion
once the reasultes hed been detarminad.

Celculetions performed for this etudy ehow that the etructural
materiele thet wvould be in the moderetor, euch ee the cledding, will
decraasa the resctivity of en optimum fuel-moderstor mixture by .32
8p . Therefore, etructurel materiels in the demsged portion of the
core were neglected. In the ondemaged portios, the effect of
etructural wateriel im the moderstor end within the fuel-moderastor
cells wae oeseeceed with PIQ-NULI? celculetions. The reeulting
effects on reactivity were aepplied to the wmost reective KERO
configuretions.
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The reactivity worth of the control rode had bean calculated by
the PDQ desipgn model. Agein, once the most reactive damaged core
configuration had been determined with KENO, the worth of the con~
trol rods was eubtracted from the criticelity pradiction.

The optimisetion enslyses to determins the demaged fuel coo-
figuretion thet was moet reactiva, but conteined snough boron to be
1.02 8p eubcriticel begen by determining the woet resctiva mnderator
volume. The moderstor density was determined at & tesperature of
280°F end & bdoron concentration of 2100 ppm. The fuel vea aseumed
to be aetacked pellats. The fuel-moderetor configuretion wes sot
epecified, bdut the leakege vaes low enough not affect the nesutron
epecturm. The calculations employed both the reactor and nucleer
criticality methode (NULIPY, XSDRNPM, KENO-A).

While the moderstor volume was the paramster of interest, the
results wvere apecified in terms of the fuel volume frection. This
ie the retio of the fuel volume to the totsl wvolume of the
fuel-moderator cell. Thuas, the lerger the fuel volume fraction the
smsller the moderator volume. The fuel volume fraction in & etend-
erd fuel aeseemdly is .31. Bince the undemsged core celculations
ehoved thet the fuel wes overmndersted, the fuel volume fraction was
increased. Initielly, the fractions wvere somevhaet erditrery except
thet other criticelity eveluations shoved that the most probdedle
fuel volume frection for pellets rendomly felling into & collection
is .63; the volume fraction for pellets touching in a squere array
ies .79 and in @ hexegonsl erray is .91. The rasulte of the snalyses
indicated an optimm value of .52.

Fuel-moderator configurations were anelysed with KENO. The con-
figurations initielly sssumed ell fuel to be dmmeged. The rediel
disensions were aessumed to be aseantielly infinite with fuel damsge
occurring aexielly, beginning et the top of the core. Thie wodeling
ie diacussed in deteil in Section 3.4. The results iodicated that
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leskage ves minimal (lese then 2.024p) and thet a totsl slusp of ell
fuel into "one mass would be most rasctive. The moet credible
configuration within the core boundsry is the right circuler
cylioder. Bowvever, the leskage of both the cylinder end a sphare
vers anslysed. The respectivae leskages, 1.6 ppand 1.2 pap, were
neerly the emme.

Beceues of the low lesksge of these imal fuel-moderetor com-
figuretions end the high resctivity of the fusl with a volume
fraction of .52 et 2100 ppm boron, the borom concentrations were
incressed to 3000, 4000 ¢2d 5000 ppm. The moderstor volumes wee
egein calculated to determine the moet resctive cambination with
stacked fuel pellets. The results showed thet, (1) with 3000 PP
boron & fuel volume fraction of .33 was most resctive, (2) with 4000
ppa horon & fuel volome fraction of .60 was most rasctive, (3) with
3000 ppm boron @& fuel wolume frection of .63 wes most resective.
Figure 3-1 grephically illustrates thase results.

The ‘optimel wmoderstor volumes st 3000, 4000, end 5000 ppm boron
were then usad to anslyse the affects of pellet siszs om resctivity
end to evaluste other fuel shapes that might be mnre reactive, such
es spericel perticles. The atecked pellets were shown to be the
=08t reactive geometry.

The results show that 160°F is more reactive than 280°F, but
otherviss the optissl parsmeters remsined the eeme. Thus, the most
reactive conditions and configuretions for the damaged core region
had been determined.
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3.6

3.4

Demaged Core Models for Criticality Analysis

Core demage etudies of the TMI-2 accident indicated that the
upper region of the core was not covered by cooling water for an
appreciable period of time 83 During this time overheating could
have resulted in eudbetantial damsge to the wmcovered portion. Thie
damage ie projected to bhave been moet extensive mnesr the upper
center of the core where the overheating wae estimsted to be the
greatest.

In developing the core models for criticality aenalyeio
{mmediately following the accident, it was assumsd that demsge began
at the top of the core and migrated dovnward. To aimplify the model
it wvae assumed thet whatever demsge occurred at & given height
occurred over the antire horizontal plane of the cora. 1Im order to
cover all of the credible possibilities, a number of demage
situetions wera postulated. These eituations consisted of assuming
verious amounts of the core had lost structural rigidity and the
fuel had’ collapsed onto the spacer grids.

In all calculations only fresh UO; fusl and borated weter were
assumed ae explained in Subsection 3.2. WNeutron absorption by
structural or poison material and radial leskage of neutrons were
neglected in all ceses. Conservative assumptions about the emownt
of fuel present were made such that the calculationa contained more
fuel than thet actually manufactured. '

The calculationel models were as followe:

Yuel Collapsed on Grid Model

Calculations of the fuel collapse model are sbown in Figure
3-2, Cese 1. This gecmet.; vee bessed on the hypothetical assumption
thet ell of the fuel batween the gride may have lost ite structural
integrity and fallen to the next lower grid.
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3.4.2

3.6.3

The fuel volums fraction o these slabe was varied from the
sormal core eitustion, .31 to .79, asd the boron conceotration {o
the moderator was veried from 1300 to 2500 ppms. This represented
the range of fuel demsge from essentially umdamaged fuel to complete
collapse onto the gride.

Crid Model

It wvss then aessumed that the gride failed, and the fuel
collepsed from the top grid to euccessively lower grids. The fuel
firet collapsed onto the top grid end theo thie grid collepsed to
the next osoe, etc. The resulting geomstries are ehown im Pigure
3-2, Cesse 1II, 111, end 1IV. 1n thie eeriss of calculations the
temperature vas asoumad to be ot 160°7 and the pressure at 900 peies.
The boron concentration {o the moderetor wes veried from 2100 ppm to
4000 ppe, with o fuel volume frection of 0.63.

Core Model

The geomatry shown in Pigure 3-3 represents a partielly damagad
core. In thie cass the firet three grid levela are ssoumed to have
collapend with e fuel volume fraction of 0.55. The core below the
fourth grid {e eseumed to be undamaged. The wmoderstor beren
concentration wes 3000 ppm, and the temparsture sod pressure were
280°F end 1000 peia respectively.

Due to 1limitetions in EEZRO, the celculstions could oot
explicitly model both the upper and lower miztures of fuel {0 &
efngle cealculetion. Therefore, twve KERO celculetions were performed
to dound the mndel configuration. The first case asoumed & stendard
cell pitch of 1.46 cm, but wsed & lerger pellet dismmter ia the
deseged region to produce a fuel volume frection of .53. The second
cese esoumed the otenderd pellet diameter in the damaged region with
a cell pitch of 1.12 em end a correspondingly emaller pellet




diameter in the lowver region of intect fuel rods. These two ceses
bound the results for the partially damaged core. The first case
gave a-l." 006 higher than the eecond cese and weas, therefore,
used in the safety evaluation.
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3.5

of Resulte

The demage model with the highest reactivity was the totel core
collepse wndel (Pigure 3-2, Cess IV). Pigure 3-2 gives & echematic
of the core wmodeling sssumsd for KEWNO-4 celculatiocns. As the NRC
has soted in Reference 1 of their Sefety Evslustion end Raviron-
ssntal Allll-ll!",. et 3000 ppm the B&VW ealculctu;n ehow that
1002 fuel dmmege will nmot be criticel when the fuel is fin ite most
reactive condition snd the effectes of burnup and etructursl msteriel
sre eccounted for ies the anelyses. Roeference 1 of the asefety
ssscosmont further etates thet only “Abowt 402 of the 2irceloy
cladding rveected with water. Thie region of eaevere oxidetion was
locelized ve the & to 6 ft. elevation eand mey Bot heve included
peripherel bundles.” A later MRC etudy bounding the eetimstes of
demsge concluded thet for the sazisum damage ecensrio, "Embrictle-
ment of cladding by oxidetion occurred to & depth of between 6 and 7
feet from the top of the core inm the center asssmbly, down to abdbout
S feet t.o 6 feet in most of the sseembliee, and &id not occur on the

'lmlt pover corner asssemblies on the ptzlplury."

Therefore, the meaximm demsged core wndel (e the upper three
gride feiling and SMX of the fuel collepeing on the fourth grid (eee
Pigure 3-3). Before diecussing the reenslysis of thies wmaxiem
credible demegeéd core endel the previove celculetionsl results heve
been oummarised. It wes asssumed thet; (1) the fuel below the fourth
grid wes stending in ite originel configurations; (2) cthe errey was
infinice in the =,y directions; (3) the demeged fwel pellets fo the
upper region were packed in sa optimm fuel/veter retio with e fuel
volume fracticn of 0.55, and; (4) the eternding fwel pellets im the
lover tregion hed & fuel wolume frectios of 0.31, vhich {o typicel of

s asormal core.
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The results vitb unburned 2.6 wtX 235D gaad the woderator at
200°7 with 3000 ppm boron (no polisons or structural material) are
tabuleted below,

Celculational Results for
Nezimum Credidble Core Demage MNodel

Conditions: three gride fail, SOX cledding failure
.33 fuel wolume, 280°F, 3000 ppm

Cell Pitch KENO Slab Kqg¢ Core Kqog¢
1.46 1.000 <934
1.12 -996

The cors RKgge includes the effects of vadiel leskege, fuel
depletion, and the worth of the comtrol rods in the undsmeged
portion of the core. This was the conservetive estimate of core
criticality when the resctor went into netursl circulation.

These results cleerly indicete that while the hypotheticel
wodel of 1002 dmmeged fuel msy be just subcritical, thbe msximum
credible dszaged core is safely sbutdown (Kgee < .99) by a large
margin.

Revised calculations of the maximm credible dmmsged modsl were
performed to resssess the wmost resctive conditions for tbe ecefety
evaluestion of the proposed ectivities (APSR {insertion, CRIM
ugtcoupling, through head inspection and beed removal). These
celculations used the smme methods and procedures ss descrided in
Section 3.3, bdut different velues for the parasetars es described
Selow.
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2)

3)

4)

3)

Wiile ¢ eingle wmiforn osrichesst edequatoly represests the
wmifore flux e sewtren ispertemce woightiag of the feel
batches, the redisl leshage ia the endameged vegica of the
ecore vill be wwech grester thea fa the damaged regica. The
dan ged vegica 2as 8 wry lov ledhage detersinsd emalyti-
colly frem & wmifern cylindrical cenfigwsotion wrila the
wdamaged region hae & high lodkage determised frem P
coleulations of tde core.

The masufecturing recerdes for the TXI-2 fwel ente reviewed.
These recerde ohowed the eazimmm cove eurichmwwt (¢ o
saninal velue plus 2 otemdard dovistises) wee 2.935 wri.
Thus the core sverage eariclmsest wse detormised te deo 2,333
wtl ratdher then 2.60 w2 ecoceamed for the eerly cove
enslyses. Desed oo thie, al]l cmvest wed feture
criticalicy eomalyses wtilising ao eversge enrichmant will
voe 2.999 »X,

The optimiszation of the temperstere ia thie Imel-modsrator
cell showed S0PF (the lower allewdla iiwif) aa the @t
resctive comdition. Theus, the Zwel-wéiTitor conditions
vere dased on the @éoderetor st 30°F,

The boron councestration fe at leeet 3500 ppm (iecluding
uncertainties) with weasured values sot 1lese vam 3700.
Therefore 3500 was weed ia the =

Vith the chenges s the eeri taspevstove oud Sorem
concentrstion, the fwel wel frection prodecing the eeet
resctive fwml-wpéerstor camdinstion incrvessed frem .93 to
.63,

fa ¢

soderatst, sod Butween the of fael od e
determined with 30PP t erotures end 3500 pym Soren. A
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before, the atructural material ian the wmoderator of the
optional fuel-moderator mizture wvas a reactivity penalty
and, therefore, veglected. In the undemeged cora the
effect was found to increess reactivity as explained in
S8ection 3.3

7) The reectivity worth of the core average durnup was evalu-
ated to determine the uncertainty in the decaying fission
product {oventory. This i{ovantory has been changieg ever
since the fiesion process was terminated. Experimsntal
data along with calculations heve indicated the reactivity
vorth of the fisaion producte ie greater 3 yesare after

shutdown than at the time of core ehutdown.l0,11 BRowever,
the uncertainty in this worth is unknowva. Therefore, to be

conservativa, the fiesion product poisoning effects at the
time of shutdowvn are continued to be used in the calcula-

tions.

8) .The worth of the control rods was reduced to reflect 30°F

moderator temperatures.

9) The determination of the size and shape of the most ressc-
tive particle considered whole pellets as wall as larger
cylinders of fused perticles. The fused particles had less
reactivity then the vhole pellets. Therefore, the optimiza-
tion of the other variables considered only whole pellets.

Table 3-]1 oummarizes the reactivity effects of these para-
meters. The volume and flux, or nesutron importance weighting of
these coefficients wes based on the KENO calculation of damagad and
undamaged core regions, and the total core. With 302 of the core
demeged and 50X undemeged, the KENO calculations indiceted the
reactivity effects of the dameged region wera 4 times more importent
than those in the undasaged region. Thus the demsged core region
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had ao 80X weighting factor for reactivity changes while the um~
densged region had only e 202 weighting factor. The net effect of
the core reactivity changes is to reduce the KENO Kog¢¢ by 6.02 4o,
resulting in a conservative estimated core Kqgg of .93,

- Thie reenalyeis shows that the saximm credible demage scenario
for the core is safsly shutuowp (Kege <.99) by & 5.024p margin.
Since the proposed recovery operations will not intentionally
dieturb tha fual, thie acenario continues to ,be the design baeis for
criticality safety evaluatione.

There is one other scenario that further desonstrates the
degree of criticality safety for the proposed activities through
head removal. This scenario treats the pearturbation of fuel fines
oifeing from the dsamsged core region to the undamsged region as a
hypothetical total core collapse (1002 damaged fuel). An
optimization assessment of this total core collapae model shows the
highest K e¢ is less then .977 as indicated in the folloving table.

Total Core Collapse (Hypothetical) Model

Conditions: 2.55 wt.%, .63 VF, 30°F, 3500 ppm; Ka = 1.018

Leaksge -1.3
(Sphere)
Burnup -2.8

Core Kegg = .977
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These resulte, the maximum credidble damage model and the hypo-

thetical total core collapse model, conservatively ehow the TMI-2
reactor will contimue to be safely shutdown for the recovery
operations through hesd 1ift. 1In Appendix A the criticality
snalyses performed by others heve been reviewed for camparison. All
results show the reactor is shutdown and BéVW's optimiszation eearch
has obtained the most rasctive coaditions.
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TABLE 3.1

COREZ CRITICALITY ASSESSMENT FOR MAXINUM CREDISLE DAMAGE
(KENO CALCULATION @ 280°F, 3000 ppm, VP8 = .55, Kege = 1.000)

Description Core Changes
1 Radial Leakage
2 Eaorichesent
2,6 vt2 + 2,555 wtl
3 Teuperature
280°F = SO°F
[ Boron
3000 <3500 ppm
S Optimal Puel V¥
55 =+ .63
6 Water logged fuel
6 structural material
7 Buroup
8 Control rods
9 Fused Fuel

3.4 Pellet Volumes
vith 10X gircaloy

Total

Estimated Core Keff » ,943

8yF, Volume fraction of fuel

Reactivity Ch

esb 2

Damaged Undansged Total
Region Region Core®
= .6 =3.5 -1.2
- & - .5 - "
+1.5 - .7 +l.1
-2.5 «5.0 -3.0
* .2 + .2
0.0 +6.1 +]1.2
-2.8 -1.3 -2.%
-702 -l.‘

0.0 0.0
-%.6 -12.1 =-6.0

"luetivity changes are calculated with design wodels, WNULIF~-PDQ

€Comdbined 802 damaged with 202 undasaged (volume and neutron
importance weighting; rounded to two digite)
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FIGURE 3-1 REACTIVITY VS FUEL ..... FRACTION FOR FUEL .
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4.0 ADDITIORAL CALCULATIONS FOR POTENTIAL
FUEL ACCUXULATIONS OUTSIDE THE CORE

4.1 Introduction and llcklround

Bection 3.0 reviewa the criticality analyses performed for the
core following the accident. These analyses, which form part of the
basas for the currant Technical Specificational and Safaty Evaluation
and Enviromsental Anumnt.z-3 were updated to ensura the proposed
tecovery operationa (APSR insertion, CRIM uncoupling, through head
inspection and head removal) contained eufficient shudown margin. WNot
only was the maximum credible dsmage scenario rasssessed, but the
hypothatical perturbation of total core collapss was also rsassessad.
This section (4.0) ia similar to Bection 3.0, but tha emphasis ia to
reviev and update the criticality analysis for fuel particles that are
outside of the core region. The previous criticality calculations for
fuel accumulations outside the cora, showed the reactor veassl hsd
greater potential to be a criticality concern than the fuel within the
cors. Thersfore the objective of thias eaction is to develop the maxi-
munm credible damege model for fusl outaide the core and determine the
conditions that ensure it will be safely shutdowvn for thesa recovery

operationa.

The following discuessions provide en assessment of the critical-
ity calculations performed for fuel particles in the lowver vessal.
This assessment includes both the particles that may have been trans~
portad throughont tha system and collected in the vessel bottom once
pump operation was terminated and the particles that msy eift dowa to
the vessel bottom during thase recovery operations. The formet for
the discussion is the sme that was used in Bection 3.0. 1In
Subsection 4.2 the parametara affecting criticality «.e revieved based
on the discussions in Subasection 3.2. The methods and proceduras used
for thc analysis are explained in Bubsection 4.3 and tha rasults
sunmsrized in SBubssction 4.4.
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4.2 Paremeters Affecting Criticality Analyses

In Bection 3.2 four categories wera defined which contain tba
parameters that affect criticality. These parameters fall into two
brosd groups, (1) those directly treated in the optimization analyses
to datermina the most reactive conditions, and (2) thosa mot directly
treated, but vhose values wera specifiad to produce the most raactive
conditiona. The following discuesions review the parameters directly
treated in the optimization analyses for tba core and axplain why scee
of these parameters do not need to be directly treated in the analyses
for fuel ocut of the core region,

4.2.1 TFuel Composition

The paremeters in Bubsection 3.2.] directly treated in the criti-
cality calculations are:
* Eaorichsent,
Buroup, aand
Temperature.
Burnup will not be directly treated for the fuel out of the core re-
gion because the burnup of this fuel is unknown. The burnup of the
fuel varies from aeseembly to assembly and over the length of esch
assemdly, Therefore, the burnup of the fuel out of the core region is
dependent on which fuel was transported out of the cora. S8inca it ie
difficult to astimete which fuel this is, buroup for all fuel will bde
neglected. This is & cooservative assumption becsuse any emount of
burnup depletes 235D faster than 239pu and 241py are built up, and the
fisesion products increase the absorption of neutronms. Thus, frash U
has a bigher neutron production rate and lower absorption rate than
burned fuel, wvhich means that fresh fuel is more resctive than burned
fuel 8,5
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4.2.2 MNoderator C_ggalit ion

The parametars in Subsaction 3.2.2 directly treated in the
criticality calculations are:
Moderator dansity,
Boron concentration, and
Temperature.
Theaaa three paremstara will alao be directly included in the
criticality calculations for the fuel out of the cora ragion.

4.2.3 TPuel-Moderator Combinations

The paremstera in Subsection 3.2.3 directly treated in the

criticality calculations are:

The aize and ahape of fuel particles,

The amount of wodarator surrounding the fuel,

The shape of the fual-woderator call,

Structural = “erial, end

* Temperatura.

The atructural material within an optimal fuel-modarator combination
vill always dacrsase reactivity. 1In face, just 102 szircaloy in an
optimal fuel cell will decrsass the reac by 1.024p. Therefore
structural materials will not ba considarad in the fuel-woderator
calls that have an optimal fuel to moderator ratio.

4.2.4 Fuel-Moderator and Reflector Conﬂ'urulom

The peramsters in Subsaction 3.2.4 directly irnnd in the
criticality calculations are: [
The total mase of asvailabla fuel,
Tha shape of the configuration,
Structural matariale,
Control Rode, and
Reflector Matariale.
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4.3

For the same reason descridbed asbove in Sudbssction 4.2.3, the astruc-
turel wmaterisl within the fuel-moderstor configuretiom will be
neglected.. Control rods outeide the core regioc will aslso mot be
considered.

Methods and Procedures

Section 4.2 reviews the perametere effecting criticelity thet
were discussed in deteil in Bection 3.2 end expleine why & fev of
these parameters are not applicedle to the region outside of the cora.
The perameters thet ere important for the optimisetion esarch in the
criticelity cealculaetions outside the cors ere:

= The enricimsnt of the fuel

- The moderator density and boron concentretion

= The eize and shape of the fuel particles

= The amount of moderstor surrounding the fuel

= The shape of the fuel-snderator call

= The temperstures of the fuel-moderaetor and reflector

= The total mase of aveiledble fuel

= The shape of the fuel-moderator coafiguration

= The reflector materisle.

Eech of these parameters not only directly effects criticelity bdut
elso affects the wey every other peramster affects criticelity. Thus,
the procedures used in the calculetions must provide s aystematic
optimizetion seerch to integrete the reectivity effects of ell the
parmmeters to produce the most reective combined affect.

Thie section descridbes the procedures for using the calculaetional
wethods discussed in Section 2.0 to detgrmina the moet resctive comdin-
etion of aell the paramsters affecting criticelity. These methods end
procedures ere the same ones used to ensure thet fuel locetions
throughout the reactor coolant system and reactor vessel were at least
1.02 8p sudcriticel (Kgee < .99) immedistely following the accident.
They have continued to be used in this etudy for the recovery opere-
tions (APSR insertion, CRDM uncoupling, through head inspection and
hesd removel).
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The optimization procedures can be best understood by explaining

the rasctivity trends thet produced the most reactive conditiona.
Therefore, ' the analyses which produced the wvaluss of the varioue
paramsters will be discussed below. The msthode for the calculation
relied on the NULIF code end the criticality equation,
Regg = K, B2

to determine the most rascrive values for the various perameters. The
buckling was either calculated analytically or determined from KENO
calculstions of the most reactive configuration.

The enrichment of the fuel out of the core region following the
accident wvas considered to be the mixisum average value, 2.60 wt 2,
While no fuel will be intentionslly disturbed during the proposed
recovery operations, it is hypothetically possidble thet aeome fuel
wvould be preferentially disturbed. Therefore, not only was the aver-
age fuel enrichment resnslyszed, but also the enrichment of the highest
enriched bstech 3 fuel ves analyzed. (For both values, two atandsrd
devistions on the uncertainty of the manufactured deta were .sdded to

the as built enrichments).

The boron concentrstion determined to provide an adequate margin
of suberiticality in the core region folloving the accident was 3000
ppa as discussed in Section 3.5, This same concentration was found to
provide a 1.0Z 4p shutdown margin (Regee < .99) for fuel out of the core
region as will be expleined in Section 4.4. Hovever, the current
boron concentrstion is grester than 3700 ppm. The minimum concentra-
tion, with an uncertainty of et least twvo atenderd deviations ie
assessed to be 3500 ppm. Therefore 3500 ppm boron was used in these

snslyses.

Various fuel particle shapes heve been previously evslueted in
Section 3.2.3). However, this previous eveluation hed concentrasted on
a collection of fuel particles asettled into a mass. 1In that case, the
wost resctive perticle shape is a right circuler cylinder with the
cylinders stacked end on end such that the stack height is neutroni-
cally infinite.

&5 Babcock & Wilcox



The poesibility of fusl particles fslling from the core region
during the proposed activities (surrounded by moderator rather than

stacked) raises the question of whether the cylindrical particle {s
still the most reactive. Therefore, ANISN calculstions were performed
on particles eurrounded by moderator. In this condition the apherical
particle vas found to be the most resctive. This is because spherical
gecmetry minimizes the surface to volume ratio end therefore minimizes

neutron leskage.

Figure &4-1 shows the affects of particle size on Kggg¢ for the
most reactive fuel-mpderator conditione in the most reactive geo=metri-
csl configurations. For either the cylinder or the ephere, a fuel
perticle with the radius of a etandsrd pellet is the most reactive.

The optimum fuel-moderator mixture (with 3500 ppa boron) vn.
found to be independent of fuel particle size, the fuel-moderator
temperature or geometrical configuration. A fuel volume fraction of
0.55 or a hydrogen to urenium retio of 2.36 gives the most reactive

mixture of fuel snd moderator.

The moet resctive fuel-moderator and reflector temperatures are
dependent on the fuel volume fraction, or hydrcgen to urenium ratio,
and the smount of boron in the moderator. However, the integration of
these variables to produce the meximum reactivity showed the lowvest
sllovsble teaperature, 50°F, is the most reactive.

Considering hemisphericsl configurations with a minimm leaksge
end optimal fuel-moderstor coabinations, celculations of the maximum
credible demage mndel® showed that 1002 of the damaged fusl (SO of
the core) ves less reactive then all the damaged betch 3 fuel. Thus,
the design bases for the cslculations of fuel out of the core wvees the

sexiounm credible damege of batch 3.

&-6
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4.4

Tvo geometrical configurations of batch 3 fuel were found to
produce the maximum reactivity, en infinite cylinder of falling part-
icles, and epherical segments of stacked particles. A schemstic of
these configurations is shown in FPigure 4-2,

While there is no & by & array of batch 3 fuel assemblies in the
core, & configuration of wmore than 16 batch 3 assembliss vas assumed
to form an iafinite cylinder of falling spherical fuel particles. The
optimm reflector for the cylinder was determined to de the moderator.
Thie reflector was dotcr;intd by anslyzing verious combinstions of
stainless atsel and borated water to determine which one gava the
largest reflector esvings.

Once the particles had fallen, they were assumed to collect in
spherical segments on the bottom of the vesssl. The size of the spher-
ical configurstion was determined by assuming that it contains all the
dnucd6 betch 3 fuel, with an optimus asount of moderator. Omn top of
the segments the borasted vater vas the best reflector; on the bottom,
the pressure vessel wvas used ss the support for the fuel. HRowever,
since the vessel has & thickness that is not effectively infinite to
neutrons, the vessel wvas modeled as if it wers placed in unborated
veter to produce the lergest reflector savings.

Summary of Results

This eection summarizes the results of four configurations for
fuel outeide the core region. The firet is the most reactive config-
uration previously sneslyzed following the asccident; it serves as part
of the design besis for the current Technical Specifications.! The
second configurstion demcnetrates the conservatism in the design basis
for the criticality ssfety of the proposed recovery operations (APSR
ineertion, CRIM uncoupling, through hesd inepection and heed removal)
compared to the firet configuration. The third configuration is the
most reactive dynemic case ‘wvhich demonetrates that no falling fuel caen

. incresse resctivity beyond the shutdown criteria. And the fourth con-

figurstion has the highest reactivity sttsinable for the maximm cred-
ible damege wodel.6+7 The fourth configuration consequently serves as
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part of the daaign baasia for aafety evaluationa of the propoased
racovary operationa. Tablse 4.1, 4.2 and 4.3 aummarize the models,
methodology and resulte that wera obtained for these configurations.

4.4.1 Basies for Tech

Yollowing the accident, fuel particles could have been lifted out
of the top portion of the cors and transported throughwuut the primary
coolant ayatem, including the reactor veasel, by the operation of the
pumps. Consequently, the previoua criticality calculationa included
analyses of all potentially highly reactive out of core regions.

Tha bottom of the reactor veseel wvaa identified aa the region
that could accomodate the most reactive configuration because of ite
sige. Bince the previous calculations for the imum credible core
deamage acenario (50 dameged and 50X m'.ulmu;ul).6 hed shown the core
to be aubcritical at 3000 ppe (Section 3.5), calculations to assese
the ashutdown margin of the fuel in the bottom of the reactor wveasel
were perfordad under aimilar conditiona. At a temperature of 280°F,
with a boron concantration of 3000 ppm, a fuel volume fraction of .55,
and atacked pellets, the most reactive fuel had a K, of 1.038 (for e
complete dsscription ase Sections 3.2 and 4.2). The two configura-
tiona that have the lowest leaksges are the aphere and (the wore cred-
ible in the veasel bottowm) hemiaphere. The resulte of these calcula-
tions are as follows.

Criticality Aaseaswent for Fuel Outaide the Core
Conditions: 2.6 wt 2 U-235, .55 fuel volume fraction, 280°F, 3000 ppa, K_= 1.038

Demaged fuel (3)  Radius, cm  Kegf

Sphere 20 92 0.989
HAemisphare 40 123 0.989
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Approzimately 202 of the miximum credible mmount of demaged fusl
vould b: necessary to have Kgg¢ of 0.989 in a spherical configurstion

end more than 402 of the demaged fuel is necessary to have 8 Kegg of
0.989 in a hemisphere in the veseel bottom.

As iodicaeted by the WRC steff in Reference 1 of the Sefety Evalua-
tion snd Eoviromsentsl Assessmant,?:3 "Neerly ‘all of the broken and
oxidized fuel debrie should remain trepped in the upper core region
because the uivpor end fittinge have a grillege that would act ee a
screen.” Therefore, it ie considered highly iwprobsble to have more
then 202 of the demsged fuel out of the core region and neerly incred-
idble to have more then 40T out of the core region. Thue, 3000 ppm
boron in the coolent wes judged to provide sufficient margin for fuel
loceted outside the core to meet shutdown criteria.

While these reeults clearly shov that the reasctor ie esasfely shut-
dowa wvith 3000 ppm boron, they aslso show that the lover vessel region
is potentislly mora reasctive than the core region where Kggg of 0.934
ves celculeted under eimiler conditione. Therefore, when aesseseing
the poseibla perturbations thet could rasult from the recovery opere-
tiona (APSR insertion, CRIM uncoupling, through heed inspection end
head removel) it wves considered conservetive to asesume that either the
entire demeged cora could collepee into the lower vessel or that the
entire emount of demeged batch 3 fuel could be preferentiaslly

disturbed end collepse into the lover vasael region.

1002 Dm.;ed Fuel In Vessel Bottom

The optimizaetion proceduras discuseed in Section 4.3 defined the
most reective conditions for the fuel-moderetor combinetions. Thease
conditions were used when enelyzing 1002 of the meximm credible dem-
eged fuel collepeed in tbe vessal bottom with the exception of per-
ticle eiss. Since the grids end fuel rod cledding are undemaged in
the lover region of the core, fuel perticles felling from the upper
demagad ragion would have to fall between the grids end cledding.
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Ovly particles less than one-quarter the size of a pellet (one-half
the pellet: redius) could fit through the largest opening between the
undamaged gride and cladding. (Actually, a particle with a diameter
no greater than .393 cm. will fit between ths grid emnd fuel rod
cladding, which is about four-tenths of the pellet diameter of .940
cm,) Consequently, the particle aize was - querter pellet. A
hemisphere of this fuel (88.5 asesmblies) wo have a redius of 159
ce. With the reflector aavings included for a. optimal reflector, tha
Kegg of this configuration is .976 se showvu ino Table 4-2.

4.6.3 Batch 3 Falling Out of the Cora

The preferential disturbance of a batch 3 fuel assesbly vas con-
sidered to be possible as a result of the rccﬁcry operations. There-
fore, the poseibility of batch 3 fuel particles falling out of the
core region was analyzed. The moat reactive fuel, (discussed in Sec-
tion 4.3) in a eemi-infinite cylindrical configuration of 16 aseem—
blies with the moderator aerving as the reflector, (Pigure 4-2) has a
Kegg of .976.

4.4.4 Design Basis for Recovery Operations

The preferential disturbance of all batch 3 fuel asssemblies auch
that the mazimum credible amount of demaged batch 3 fuel® collects in
the bottom of the resctor vessel is the most reactive configuration.
Therefore, this configuration, which is eymmetric spherical ssgments,
is the design basie for demonstrating a aafe shutdowvn margin for these
recovery opsrations (APSR insertion, CRDM uncoupling, through head
inspection end head removal). As shovn in Table 4-2, the Kegg for
this configuration, with optimized fuel-moderstor and reflector
conditions ip .979.
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TABLE 4-1

BASIS & DESCRIPTION OF MODELS ANALYZED
FOR OUT OF CORE REGION
s1Z2
or
MODEL PELLET GEOMETRY ENRICHMENT BASES
Design Basis for
Tech Specs Whole Heaisphere 2.6 40% of Damaged Core
(35.5 fuel assembdlies)
Maximum Credible 1/4  Spherical 2.98  100% Damaged Batch 3
Design Basis for Segment fuel (19 assemblies)
Recovery Opera-
tions* :
Maximus Credible 1/4 Semi-infinite 2.98 &x4 array of falling
Fuel in wmotion Cylinder Batch 3 fuel

Whole Core 1/4
Perturbations

(16 assemblies)

Remisphere 2.56 1002 of Damaged Core
(88.5 fuel assemblies)

*APSR insertion, CRDM uncoupling, through head inspaction, head removal.
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TARLE 4-2
SUMMAKY OF RESULTS FOR OUT OPF CORE RECION

Sami-infinite Spherical Segment Bemiephere
Cylinder Design Besis Design Basis Bemisphera
rasnreTER( ) Batch 3 Pelling Recovery Operations Tech Specs 100% Duuied Puel
Rett .976 979 .989 976
| €9 1.031 1.045 1.038 1.001
»? .001543 .001798 .001173 .0006935
n2 36.28 36.28 41.3 36.52

(a)See Table 4-3 for Methodology Used to Calculate the Parmmeter
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HZTBODOLOGY USED TO CALCULATE PARAMETERS

TABLE 4-3

FOR MODELS STUDIED FOR OUT OF CORE REGCION

Design Baesis Design Basia 1002
PARAMETER Batch 3 Falling Recovery Operations Tech Specs Demsged Puel,
|
| #9 NULIF WULLlP WULIP WULIP
I P AMALYTICAL KENO AMALYTICAL AMALYTICAL
2 ARALYTICAL KENO ARALYTICAL ARALYTICAL
n2 NULIF wuLIF WULIP NULIP

413
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4-1
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Figure 4-2
Schematic of Fuel Configurations
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4-3

As A Function Of Volume Fraction (VF)
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Keff As A Function Of Temperature
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5.0 SHUTOOWN MARCIN EVALUATIORS

In Bections 3.0 and 4.0 the maxisum credible demage scenarios
were avalusted for the core region and tha out of core region
respectively. PFor both regions it was shown that the shutdown
criterion (Kgge < .99) is eatisfied by a margin of at laest 1.0%,,
(Regg < .98). 1In these ssctions, explenations wsre also provided
describing how the wmost reactive conditions ware obtained through an
optimization of all perameters that affect criticality. Bowever,
there are two importent edditional considerations to be reviewed
wvhen essessing the shutdown margin of the resctor:

1) The degree of conservatism in the most reactive model cowmpered
to a more reslistic model;

2) The uncertainty in the celculations.

The most reective model was estsblished by determining the
highest reactivity for the maximum credible cese. Thie wmodel
ensures e lerge margin of eafety if it is wuch more reactive then a
more reeslistic model and it meete the shutdown criteria. Therefore,
in Subsections 5.1.2 aend 5.2.2 the shutdovn wmargine of wmore
realistic models will ba assessed for the core region and out of
core region respectively to determine the margin of conservatism.

The uncertainty in the calculations is closely releted to the
degree of conservatisa in the most reective model. If the critical-
ity predictions of the wmost reactive model do not eignificently
differ from the reslistic mndel, then uncertainties determined from
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benchasrks of the calculational methods to measured data (that are
similar to the reaslistic model) should be applied to the calculs-
tions. * The uncertainty in the numerical and Monte Carlo soluticns
also ashould bde applied to the calculational resulta. Bubsections
5.1.3 end 5.2.3 discuse the calculational uncartaintise for tha core
region and out of core ragion raspectively.
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3.1

5.1.1

3.1.2

Shutdown Har.ln in the Core Region

Meximum Calculated Criticality

Bection 3.0 deacribed hov the maximm credible core damsge
mpdel vaa anslyzed to obtain the moat reactive fuel conditions. 1In
Subaection 3.3 it was sbowvn thet the shutdown sargin of this wmodel
vas 5.0 (Rgge = .943). 1In Sulaection 3.3, the hypothetical per-
turbetion of the totael core collapsed into the moet reactive condi-
tion and configuration wes aleo discussed. The shutdovn margin for
total cora collapas is 1.3 Ap(Regg = .977). Since the shutdown
sargin for the total core collapse mndsl is much less than for the
aaxioum credible damage model, tbe totel core collapse wmodel will
aerve es tbe baais for establiashing the more probable core ahutdown
sargin based on a more reslistic asssecesment of fuel-moderator and
reflector conditions and configurations.

Probsble Shutdown Margin

The discusaiona in Subsections 3.2, 3.3 and 3.4 described how
the values for the paramstera effecting criticality were eateblished
to produce the most reective combinstion of parameters and configure-
tions. If the wmost reactive wodel is audcritcal by a eignificent
sargin, then the recovery operations (APSR insertion, CRDM uncoupl-
ing, through head inspection and head removel) can proceed with a
confidence of esfety. To illustrate tbe conservatism in tbe most
resctive conditions, which is tbe hypothetical collapse of thes total
cors, ths resctivity affects of wors realistic assumptiona were
considered. The folloving eix items explain hov the paremeters
listed in Table 3-1 wera uaed to creste a wore realistic model from
the :otel core damsge wmodel condition. Table 5-1 oeummarizes the
reactivity effects snd ahows that the more probable value of Kggg
for the core is less than .902.
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1) leskege

The configurastion asseumed in the model of total core collapse
was a sphere surrounded by & weter reflector. The more res-
asoneble configuration for the total collapse is the cylindricsl
shape which forwsd the original core. 1In the epherical con-
figuretion it wes also essumed that all fuel wae uniformly
‘sized. If the demaged region collevsed into the undamaged
region, the reaslistic distribution of fuel would be closer to
the original fuel 1loading, rather than a uniform wmix,
Therefore, the cylindrical configurstion was aleo considered to
have a fuel distribution with the highast enriched fuel on the
periphery. The total effect is to incresss leeakege and
decresss resctivity by 1.8%14p .

2) Distridbution of Particle Sizes

It is not reslistic to assume thet the fuel particles in the
cor; are solid pelletes esince during power operation the pelletes
creck. A more reasonable sssumption is that the particles have
a rendom distribution of eizes. Thie dietribution will heve an
average reactivity affect that can be determined from Pigure
4-1. The resctivity decrease will be more than .724p .

3) Perticle Arrangement

The collection of fuel perticles cannot poesibly be stacked end
on end such as cylindricel pellete in fuel rode. A ressonsble
sssumption is that the particles will collect in & randoms
arraengement. Buch a random distridbution will asllow ends of the
cylindrical perticles to be exposed to the moderstor decressing
their reactivity by approzimately 1.5T4p .
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&)

5)

6)

Structural Material

The etructural msterisl was not included in the calculationa to
determine the wmost reactive conditiona because it alvays
resulted in reducing reactivity. Rsaliatically, the =zircaloy
cledding, inconel grids, and other atructural cosponenta will
ba io the cors ragion in epproximstely the amme proportion to
the fuel as before the accident. Including the cledding and
gride in with the fuel and moderator decresses reactivity by
«8% ap.

S0 Damage

The mazimum credible damage model has 502 of the fuel damaged
and 302 undemsged. 1In raality, the expectad fuel demege is 402
clad failure. Assuming 502 demage to be credible rather than
the hypothetical assusmption of a total core collapae reducea
the core reactivity by 2.5T Ap.

Actual Boron Concentration

Measured date indicates that at leaat 3700 ppa boron ia in the
reactor coolant system. Therefore, the assaumed boron concentra-
tion of 3500 ppm used in the most reactive model could be
realistically incressed by 200 ppma. This additional boron is
vorth 1.225p in reactivity.

The total reactivity worth of these eix changes to more prob-

able conditions is a 8.5% sop decresss in reactivity. Consequently,

while the hypothetical total cora collapss model gives s Xg¢¢ of

»977, and the maximum credible corsa demage model givea & Kgo¢g of

<943, the more realistic value of Kgegs ia less than .902,
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5.1.3

Calculational Uncertaintiea

The calculational uncertainties to be applied to any
criticality analyses ara dependent on the following three factors,

o Criticality Criterion,
e VWorst Case Model Assumptions, and
o Calculational Benchmarks.

Common practice ia to neglect the application of uncertainties
to the calculated rasulta (except for the mathematical uncertainty
in the computational model) if either, (1) the criticality criterion
provides large mdrgine of aubcriticality (Kegg < .95) auch that even
reactivity accidents have essentially no probability of causing
criticality, or (2) if the woret csse wmodal assumptions are so
conservative that a large reactivity margin existe betveen the worst
case calculations and reality. If the worst case model produces an
effective wmultiplication factor that is within the calculational
uncertainties of a realistic model and the criticality criterion is
Kagg € .99, then an appropriate uncertainty factor, derived from
calculational benchmarks to measured data, ahould be applied to the

calculated results.

The calculational wmodels used in analyzing the TMI-2 core
involved both reactor and nuclear criticality methods as explained
in Section 2.6. The reactor criticality and design -cthov:u esta~
blishad the most reactive fuel-moderator conditions in the dsmagad
core region and the reactivity effects of burnup, control rods, etc.
The nuclear criticality mathods established the Xy¢¢ for the msximum
credible core damsge and total core demage configurations. Because
the mazimum credible core damage model wes considered to be a con-
servative estimate of damage folloving the accident, no uncertain-
ties wera applied to the .934 calculated Kegg (Subsection 3.5).
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More recent asseesrments of mazisvm and minimum core ¢..,.1.2
do not ehow eignificent differences from the standpoint of criti-
cality models. Therefore, it could be appropriate to consider an
uncertainty on the KENO reeulte for the mszisum credible core damsge
model. The total uncerteinty between KENO predictions of critical-
ity and wmeesured data ueing nuclesr criticelity methode ie diecuesed
in Subsection 2.3.2.2. This subsection refers to Tables 2-2 and 2-3
vhich ‘give the reasulte of twenty-one benchmark calculetione. Ome

stenderd deviation is epproximately 2.01 4 Kge¢ with the largest
deviation in any cese less than .02 & K ¢¢.

The EKEZRO celculetion of the core (Subssction 3.5, Teble 3-1)
gave @ Kqgg of 1.000 2 .005, where £.005 is the standerd daviation
determined in KERO by the oumber of neutron histories. The total
uocertainty in RKggg is the etatisticcel combinstion of the
mstheasticel and benchmsrk uncerteinties,

KENO ‘.f! = 1,000 2 v .Ol! + .005

There is less than a 1.02 probability that the KENO Ko¢¢ io

equal to or greater then,
KENO Rgpg = 1.000 + 2.33 /.012 + .0052

KENO Rqgg = 1.026

vhere 2.33 is the 991 confidence limit for a one-sidsd uncertaeinty
function. The core Kqogeg is 6.0% pop lover in reactivity then the KENO
calculation as expleined in Subsection 3.5. Therefore, the 1.026
cen be ussd as a basis for determining a core Kgogee that eunsures,
vith 992 confidence, thet the Kqegg will not be grester then or equal
to

Core Kqegg = .967
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5.2

5.2.1

3.2.2

Shutdown Margin for Puel Accumulations Outside the Core Region

Maxiwun Calculated Criticality

Section 4.0 described the methods, procedures and calculational
results for determining the optimm fuel-moderator and reflector coe~
binations and configurations outeide of the core region. The most
reactive results were obtained for all of the damaged Batch 3 fuel
(maximum credible cese), oteacked up to form rods in the bottom of
the reactor wessel. The RKgeg was .979. The following two
Subsections, 5.2.2 end 5.2.3, respectively describe the ahutdown
morgin for this woret case model when more realistic assumptions are
modsled and when an uncertainty is applied to the calculational
results.

Probable Shutdown Margin

The discussions of perameters affecting criticality (Subsection
4.3) explained how the most reactive combination of the various para-
seters vwas determined. If this most reactive combination ia audberi-
tical by a aignificant margin, then the aafety of the reactor is
assured during these recovery operations. To illustrate the conser-
vatism of the most reactive conditions, the reactivity affects of
more realistic assumptions were considered for the collection of
Batch 3 fuel in the bottom of the reactor vessel. Table 5-2 summe-
rizes the parmmeters and the reactivity worthe. The following para=
graphs explain how the paramsters were changed from the worst case
to the more realistic coodition. :

1) Dietribution of Particle Sizes

Assuming that it ia possible for only the demaged 3atch 3
fuel particles to.pn!onntillly fall out of the core region,
it {s nct realistic to assums that they will be all quarter
pellets. :
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A more ressonable assumption is thst the perticles have a ren-
dom dietridution of aizes. The maximm Jdimmeter of fuel
perticles that could aift through the grids is .393 centimeters
vhile the randoms distridbution of perticle diemeters which could
aift through the grid is 0.196 centimaters. This gives an
averege oise of s cylindricel pesrticle which £ 1/23 that of
the THI-2 pellet. These smaller particles are sore then 1.5% 4p
‘less resctive than the qusrter pellet sssumed for the worst

cass asssssment.
2) Amount of Batch 3 Fusl Accumulation

Io line with the above reasoning, it is not reslistic that
sll the damaged batch 3 fuel could be transported to the bottom
of the vessel. Reference 1 of the NRC Sefety Zveuletiondsd
stetes thet, "Nearly sll of the broken and oxidized fuel debdris
should remein trapped in the upper core region becsuse the
upper end fictings have a grillage that would act as a screen.”
This® slso epplies to the lover core region thet is sssumed to
contein st least 3 gride intect bolding undamaged fuel cledding
that would ect es s highly effective filter preventing fuel
accusulstion in the bottom of the vessel. Thus, rether then
assuming ell the dameged betch 3 fuel cen collect in the bottom
of the vessel, a more ressonable assumption is that S0 of the
perticles will resch the bottom. This will reduce the
reactivity of the woret case by 3.2% Ap.

3) Particle

Once the particles are in the bottom of the reactor ves~
sel, there is no ressonadle vey for them to ateck themselves end on
end such as in fuel rods. A reasonable assumption is that the par-
ticles will fall into & randow distridbution. B8Buch a rendom distribu~
tion will ellov the endes of the cylindricel perticles to be exposed
to tha wmoderator, decreasing their reactivity by approximately
1.52 do.
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4) Btructural Meteriala

If fuel particles ere eseumed to fall to the bottom of the
zesctor vesesel, it is ressonsble to assume thet etructural ms-
terial will aleo fall. Adding sircaloy particles to the modere-
tor in the eams proportion to fuel end cledding that exiets in
-the undamaged core will decrease reactivity by .51 ap.

S) lncore Instnment Cuide Tubes

The instrument guide tube etructuree extend dowu to the bot-
tom of the resctor wessel. 8Since this structure will actuslly
penetrate any collection of fuel in the vessel, it is res-
sonsble to include ite worth in a more reelistic criticelity
anslysis. The decrease in reectivity is at least .5% pp.

6) Betch 3

Even if the betch 3 fuel in the vessel bottom ceme from
the lesst burned region of the core (i.e. the top two feet of
the sssembias), it would have e lower reectivity due to the
burnup. The minimum worth of the buraup is 1.0Z 4p.

7)  Actusl Boron Concentrstion

Messured dete indiceteas at leset 3700 ppm boron in the
reector coolant system. Therefore, the 3500 ppm boron esseumed
for the w=most resctive conditions ehould reslietically be
incressed by 200 ppm. This edditional boron is worth 1.02ap in
reectivity.

The net effect of using wore probable cooditione for these
ssven parassters, rather than assuming worst ceee conditions, is a
9.2 ap decresse in resctivity. Conssquently, while the celculsted
wvorst credible cess hes & kgge of .98, the wore realistic velue of
kegg io lase than .90 es shown in Taeble 5-2.
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5.2.3

Calculationsl Uncertainties

The uncertainties in the calculational results arise from two
aources. The firet is the convergenca criteria specified in itera-
tive solutions such as PIQ or the mmder of nesutrons specified in
Monte Csrlo solutions such as KENO. The aecond is the approzims-
tions ioherent in the calculational models. The firet wuncertainty
i easily determined since it is controlled by the user performing
the calculations. The second uncertainty is more difficult to quan-
tify becsuse it embodies many different factors;

The procedures used in the asnslyeis,
The uncertainties in benchmark measurement,

) The mznufacturing tolersnces on the fuel, and
msoderator structural components, etc.

As explained in Subesction 5.1.3, model uncertainties are not
applied to the cslculated rasults if the criticality criterion ie
large or if the worst case assumptions are very conservative. Fur-
thermore, as explained below, the calculational wmodels used in
reactor éri:icllity methods do not have a atatistically significent
uncertainty.

The uncertainty in the calculstional models is inferred by com-
paring calculationsl predictions to measured data. Table 5-3, which
is excerpted frow the B&W Stendard Safety Anslyses Report3, is a sem-
ple of the results from benchmsrk calculations used to determine the
uncertainty in the basic NULIF modeling procedures. These rasulte
have & standard deviation of & .00474 kegg. This is not the uncer-
tainty in the models, but the total uncertainty betwsen the messured
deta end calculational models. In order to determine the uncer-
tainty in the models only, the uncertainties in the messuremsnts and
the uncertainties resulting from fabrication tolerances must be sta-
tistically subtracted from the total uncertainty. The resulting
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modaling uncertainties have bean found to be negative which means
they era atatistically ineignificeant. Thie has besn confirmed with
ouserous benchmarks of both critical experimente and opersting
reactor date® where messurement uncertainties have been sbown to be
graater than the deviations between calculated and msasured rasulta.
Consequantly, the modeling of the most reactive cases for TMI-2
asimply requires an evaluation of the optimal configuration to ensure
that it falla within tbe range of the calculational benchmarks.
8ince the most reactive configuration was & uniform arrey of fuel
and woderator with a tbermal epectrum eimiliar to a atanderd
reactor, tbe calculational models are acceptable for tbe TMI-2
criticelity analyeis.

The KENO calculation of the most resctive configuration gave
Kegg of .979 £ .00097. This smsll uncertainty can be incraased by a
fector of 2.33 and sdded to kggg :

kegg = 979 ¢ 2.33 (.00097) = .981
to ensure, with 992 confidence, thet kggg will be less tban .981 for

the most reactive configuration thst could credibly exist during the
proposed first recovery operations.
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5.3

Conclusion

The TMI-2 reactor has been asafely ehutdown aince the accident.
Any core perturbations that could result from the recovery opera-
tions (APSR inmsertion, CRIM uncoupling, through hesd inspection of
the reactor internala, :1d rsactor vassal head remowval) will con-
tioue to be safaly ahutdown (Kegge < .99) by a 1.02 p margin (Kege =
.98). " The wost raactiva configurations within the reactor are as

followe:
Case Configuration Puel Keff
Max. Credible Spherical Sagment All Damagad 979
Out of Core In Bottom of Batch 3

Veessal
Total Core Spherical Cors 100X Core 977
Collspse Ragion Damage
Total Half Hemisphere In 1002 Dameaged 976
Core Collection Bottom of Vassel Fuel
in Veesel Botton
Palling Fual Cylinder of Fuel 16 Batch 3 976
out of Core Falling Prom Core Assemdlies

To Vessel Bottoas
Maximua Credible Cylindrical Core 502 Core <93
In-Core Demage

These configuretions represent the optimum combinetione of
fuel-moderator and reflector conditions in a worst credible case
acenario. If more realistic conditions ara assumed, the above con-
figurations will heve shutdown margins of at least 10.0% Ap. Both
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the ephericel ssgment of Batch 3 fuel in the bottom of the vessel
end the ephericel core with 1002 damaged fuel were reassessed with
sore probable, end resliatic conditions and both ceses ware shown to

heve Reef 1ees then .902.

Bince the worst case acensrios contein lerge resctivity margias
in comperison to more reslietic conditions, the epplicetion of uncer-
teinties to the celculited results is wnnacesssry. @However, en esveal-
uation of the uncerteinties for the most resctive configuretion of
Batch 3 perticles in & sphericel segment in the vessel bottom shows
that with a 992 degree of confidence of the Kqgg¢ will be less than
.981. Por the core ragion there is & 992 degree of confidence that
the Kgge will be less than .967.

This evelustion of the worst credible acenmerios for possidble
reactivity perturbetions et THI-2 during the above  tecovery
activities demonstrates that there is sufficient shutdown margin to
ensure cx:itiulity safety.
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1)
2)
3)
4)
S)
6)

REACTIVITY EFFECTS OP MORE PROBABLE CONDITIONS IN THE CORE

CONDITION

Leckage
Random Size Particles
Particles In Random Arrangemsnt
Structural Material
SOX Fuel Damage
3700 ppm Boron
Total

Total core collapse Kq¢¢ = ,977
Maximum credible demage Rop¢ = 943
More probable value of Kegfs = ,9p2

3-18

REACTIVITY X

-1.8
- .7
-1.5
- .8
=2.3
=-1.2
-8.5
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1)

2)

3)

&)

S)

6)
7)

TABLE 5-2

REACTIVITY EFFECTS OF MORE PROBABLE CONDITIONS
IN THE BOTTOM OF THE REACTOR VESSEL

CONDITION
Random 8ise Particles Palling
Through Crids

S02 of Palling Particles Can Co
Through Grids

Particles Fall Into Random
Distribution

Structural Material Palls with
Puel Debris

Inetrusent c.uide Tubes in Bottom
of Vessel

Buranup of Top 2 Feet of Batch 3 Fuel
Boron Concentration 3700 ppm

Total

Maximum credible case value of Kgogg = .979
More probable value of Kegg = 898

5=-16

- el

-1.0
=-1.0
«9.2
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Tle 53 escription of D) Critlcal Bxperimerts

Ael Pellet Claddirg  Lattic Asamb
0-25(0)  @rmity, diseter, thidwess, pitch, BPwhme  Borm,  ralius,c) Bxkirg(@ Dvieion(f)
Cave(0) w2 pfec ] - o fraction _pm - 104 ;-_i AK
1 2.40 10.20 1.0298 0.0881 Al  1.6158 0.51 0 19% ' AR +.009
2 2.0 10.20 1.a298 0.0881 Al 16338 . 051 84 n.9 3. @ +.0014
3 240 10,20 1.0298 0.0881 Al  1.6358 051 15% .77 460  +.000
& 2.0 10.20 1.0%8 0.0881 A1 1.5113 0.500 0 20.82 400  +.008
S 240 10.20 1.a98 0.0881 A1 1.5113 0.50 1675 6l.11 7.20  +.0010
6 2.7 10.18 0.7620 0.088 1.08 0.452 0 2.0 S.A00  -.0B6
7 2.0 10.18 0.7620 0.0488 1.109 0.55 0 ».: S.400  -,00M2
8 21 10.18 0.7620 0.083 1.198 0.5D 0 2.2 S.400  +.000
9 270 10.18 0.7620 0.0483 1.4554 0.726 0 2.60 sS40 -,
10 4.2 9.46 1.1278 0.0400 1.5113 0.498 0 18.75 3599  +.005
11 42 9.46 1.1278 0.0600SS  1.5113 0.498 12 2.09 .00 -
2 42 9.46 1.1278 0.040088  1.5113 0.498 72 .% S.251  +.000
13 420 9.56 11258 0.0800 1.5113 0.498 3189 2.1 3.0  +.00@
W 420 9.46 1.1278 0.080088 1450 0.455 0 20.18 .00 +.000
1S 1.30 10.53 0.9728 0.0871 A1 1.5570® 0505 () ».78 7.100  -.0082
16 1.30 10.53 0.9728 0.8 a1 Lesic(®) @360 () .60 7.100  -,005
17 1.30 10.53 0.9728 0.0871 Al  18ese(e) 0632 0 ».2 7.100  -.0m1
(1) peferere 5

®) 1D, fuel ewiched to apecified vt 2 uranir235,
ic’ Plus & J0-a» B0 reflector.
9) memyed mial bucklirg. -
(o) t——s 18ttice; all e are spare,
(f) pviation in Kogg from the sverae of .990;
¢ is higher tha sversps add - is laer, o= 0047,
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APPERDIX A

REVIEW OF ANALYSIS PERFORMED DURING THZ COOLDOWR PERIOD

Reactivity calculations perforwmed by fiva separate organizations
to evaluste nuclear criticality eafety of the damaged TMI~2 core are
susmarizied and reviewed below. All chase calculations were performed
during tha cooldown period end all were raportad by Dacember, 1979.
Evaluations performad by tha Babcock & Wilcox Company (B&W), the GPO
Service Corporation (GPU), the Brookheven National Laboratory (BNL),
the Oek Ridge National Laboratory (ORNL), and the U. 8. Nuclear Regula-
tory Commission (WRC) are reveiwed. Four of these organizations
reported their work at the 1980 Wintar Meeting of the American Nuclear
Sociaty. The evaluastions wers not totally independent from asach other
in cthet Oak Ridge and GPU relied on starting information supplied by
B4W. One bf the cowputer codes used by GPU was also used by BEW
(PDQ07). Ome of the codes used by B&W, tha NRC, and OENL {s the ORNL
coda KENO (alchough different varsions were used). However, the
evaluation strategies and accident wodels assumed were arrived at
cowpletely independent from aach othar.

The objective of each evaluation was either to determine the
degree of subcriticality of the damaged THI-2 core or to provide s
basis for recommanding the concentration of soluble boron necessary to
ensure an adequate margin of ehutdown reactivity for the damsged
system. It wust also be recognized that these calculstions were made
vithout definition of the exact system to be calculated; therefore,
highly conservative sssumptions were wmada and hypothetical
configurations were evalusted to provide assurance of safety. These
evaluations were intended to eddress the maximum cr-dible reactivity
and the safety of the demaged TMI-2 plant, and although not originally
intended to demonstrate the sefety of disturbing the damaged systam,

A-1
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they do provide a bessis upon vhish such evelustions cen be carried out.
B&W, GPU and the FRC reported that souble boron concentrations of 3,500
to 4,500 ppa would be required to msintain at lesest a 12 shutdown

margin assuming a hypotheticsl extreme condition of total core
dieruption at optimim resctivity conditions and aseuming fresh fuel.
BRL felt 3,000 ppw boron would be sdequete. B&W (sssuming a specific
scensrio of damege) reported that the dameged core could have Ko¢¢ ae
high as 0.932 while none of the postulsted damaged models sssumed by
ORNL hed s K,¢¢ greater than 0.90. Direct coapsrisons between the
different evalustions hovever eare difficult, ead where @ direct
comperison is possible there are the expected veriations.

The calculations, taken as a wvhole, demonstrate that the damaged
TH1-2 core vas shutdovn with Kegg¢ probably less than 0.95. Taken ss o
vhole, they aleo infer quite resctive hypothetical ceses possibly
requiring 4,500 ppm boron. However, in retrospect these hypotheticsl
ceses are not considerad credible in light of nev assessments of the
core damage given in GEND-007, May, 1981.

Babcock & Wilcox Company (B&W)

B&W reported its work December, 1979 in NPGD-TH-434.] This work
wes also reported at the 1980 Winter Maeting of the Americen Nucleer
Society.?2 Since B&W'a calculations are reported in deteil elaevhere in
this report, only results will be summarized. After postulating & con~
servative configuration of damege and uesing the results of the computer
codea NULIF,3 PDQO7% and KENOS (with additional adjustments for fuel
burnup), B&W concluded that Kegg of the dameged THI-2 core could be as
high es 0.932 at 3500 ppm boron (this evelustion is updstd in Section
3.5). B&W aleo concluded that 3,000 ppw boron could maintein this con-
figuration at Rgege < 0.99. B6W, hovever, did identify hypothetical
acensrios of damege that might require asoluble boron concentrstions of
up to 4,500 ppm boron to meintain subcriticality. Those are now not
considered to be credible "in view of nev sssessments of core damege
shovn in GEND-007.
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GPU Service Corporation (GPU)

GPU 'ru., their work August 31, 1979 in the GPU report
TIR-049.6 This work wes aleo reported at the 1980 Winter Meating of
the American Nuclear Sochty.7 GPU used the resctor design camputer
code XPOSE® to perform paremetric atudies and to calculate K, . They
used PDQO7 to calculate Kg¢eg. Using TPOSE and PDQO7, CPU evaluated the
reactivity of an undamaged core as a function of the aoluble boron
concentration and concluded that the undemaged core without any poison
material except soluble boron had a Kggg¢ of 0.940 at 3,400 ppm boron.
CPU noted that its calculation of a apecific reactor condition also
calculated by BiW was 0.02 pXege¢ lower then that calculated by BéW.
Consequently GPU asdjusted their PDQ results to B&W resulta to incure

coneervetism.

GPU calculeted the multiplication factor for infinite media of
both homogeneous and heterogeneous UO2/H20 fuel mixturea as & fumction
of UO2 volume frection and soluble boron concentration. XPOSE was used
to determine K, assuming the middle core eorichmeot of 2.64 wt X
vithout credit for any fizxed neutron poisons; both U0z pallets and
pellet fragments were considered. GPU's calculations of K, by xpose8
vere compared to BéW's calculation of K, uesing NoLIF.3 Alcthough the
agreement is excellent, s variation of 0.0l A K_ can be observed (GPU
being higher at optimum U0z volume fractions). GPU reported aeveral
hypothetical configurations that were critical at a boron concentration
of 4,000 ppm; however, if ressonable but conservative assumptions are
made @ boron concentration of 3,500 ppm would be necessary to maintain
at lesst a 12T shutdown condition. Maintenance of a 33500 ppm boron
concentration was recommended by GPU.

Brookhsven Netional Laboratory (BFRL)

BNL reported its work by semorsndum on May 18, 1979.9 BNL used the
HAXER computer codelO wich input bucklings for leakage correction to
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calculate Kgo¢e of a number of apharical ayeteme. BNL asaumed tbese

systems to contain either 30, 50 or 100 percent of tbe T™MI-2 UO; fuel
inventory st the maximum average core enrichment of 2.6 wtX U-235. No
credit vaa tekan for any poisoning material except aoluble boron. BNL
used the reaulta of a parametric atudy for each system veraus wolume
ratioa of U0y to H30 and wereua different concentrations of soluble
boron to determine the concentration necessary to maintain the three

fuel iu\.untoriu eubcritical.

Resulta ara aumarized below:

Percent Fuel Minimum boron concentration
inventory to insure subcriticality
30 2,720 ppa
50 2,900 ppm

100 3,060 ppm

The BNL memo acknovledges uncertaintiee associated with their
analyeis. BNL reports no benchmark effort ¢to validata this
sethodology. The reported boron concentrations necesaary for
aubcriticality are considerably lowver than those reported in other work

summerized in thia document.

Oak Ridge Nstional Laboratory (ORNL)

ORNL reported ita work December, 1979 in ORRL/CDS/T¢-106.11 oRnL
personnal gave two papera eummarizing their work at the 1980 winter
Meating of the American Nuclear Society.u-u ORRL used the Monte
Carlo computer codees MORSE-8GC/S14 and KENO-IVI3 to model a number of
poseible damaged core configuratione. ORNL uased both codee to
calculate Kogg¢ for the hot, zero-pover atartup configuration of TMI-2
(actual Kegg ™ 1.00). Kqoef by MORSE was 0.987 ¢ .003 and by KENO the
calculated Ko¢¢ vas 0.983 ¢ .006.
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ORNL did not evaluate a TMI-2 core model assiming total core dis-
ruption. ORNL did evaluate three disrupted core mondels thet aimulated
three dameged core configurations in an internally consistent manner.
The most eleborate of these wmodels which ORNL hae designated as the
"Three Jump Slump” model divides the TMI-2 core iﬁto eight different
axial regions and four differant radial regions. Several disruptive
machanisms such as fuel swelling, 2r0; in coolant, fuel alumping, etc.
have been included in thie modal. OENL did mot asearch for a minimm
critical eoluble boron concentration. All evaluations were made
assuning 3,180 ppm boron. PFor the intact portion of the reactor core,
each of the three models includes a representation of the contents of
the 39,825 pin lettice locations. The majocr difference between the
three models was the number of axial layers used to reépresent the
disrupted portion of the core. In sech of the mndels, ORNL assumed
that control rods sad LPB rode remain §m the intact portion of the
core. The worth of these rods wes determined for each model. Detailed
descriptions of these models are available in the ORNL report, ORNL
csD/T-106.11

Result of the ORNL study are summarized below.

¥odel Bese configuration Bare, no control
rods
"Three Jump Slump" 0.862 £ 0.006 0.875 2 0.006
"Displasce-Fuel Slump" 0.845 £ 0.006 0.875 £ 0.006

"In-Place Fuel Slump" -
sexizmum reectivity at
502 ewelling 0.845 ¢ 0.005

U.S. Nucler Regulatory Commission (NRC)

The NRC reported ite work by mesorsndum on May 14, 1979.16 1The
NRC work was also reported at the 1980 Winter meeting of the American
Nuclear Society. 17 The WRT used the Monte Cerlo computer code xexol3
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together with the 123-group GAM THERMOS library. The NRC wmodeled a
oumber of configurations including an undeaged core; the most reactive,
intect Jdemsged latticed core; and a fully pelletized damaged core. The
WRC calculated a knovn hot, sero pover condition for TMI-2 to establish
confidence in this modeling. The RRC reported that it calculated this
coodition to within 0.005 2 0.004 8Kqps on the high aide. The NRC
perfcrmed parametric cell atudies assuming both a 2.3]1 wt T and a 2.96
wt 2 U-235 enrichment. Core calculations assumed three radial sones
with different enrichments. The NRC concluded that the core, intact,
but at the most reactive pitch, will be subcritical at 3,000 ppm
soluble boron concentration.

The NRC aleo evaluated Kqgeg for a spherical system assuming all
fuel rods had ruptured, esptying all their pellets into a pile of herd
U0, spheres with borated wvater in between. Fresh fuel at an enrichment
of 2.57 wt 2 U-235 (core everage) ves assumed. The NRC reported a Kegg
of 0,997 ¢ 0.004 at 3,500 ppm for this situstion.
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Appendix B .

Total Preferential Yailure of Batch 3

Bypothetically assuming a complete preferential collapea of all Batch 3
fual, an analysis was performad to datermine the horon concantration
necessary to provide a 1.0Z 4p margin above the shutdown margin (Rgee =
«98). The fuel and woderator paramsters were optimized to provide the most
reactive combination in a configuration of epherical asegments in the bottom

of the reactor vesssl (see Figure 4-2).
The results in camparison to those in Section 4.0 are as follows:

Betch 3 : Calculated Systen Fual Pellet
Collapse Model  Keff ppm ppm Assemblies Size Fuel VP

Haxiwum Credible .98 3500 3700 19 1/4 radiue 58
Total .98 4840 $040 60 vhole «63
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- 1. INTRODUCTION :
The Three Mile Island Unit 2 (TMI-2) reactor is currently in a decay heat
aatural circulation cooling mode. This report assesses the thermal status
of the core and predicts the thermal response of the system to partial
draindown of the reactor coolant system (RCS).

The criterion used in this stu&y was based on TMI-2 operating procedures
for natural cooling, which restricts the average incore coolant tempera-
ture to less than 170 F. This criterion was adopted as a conservative

value for the recovery program to £aintain a positive margin to bofling.

The analyses were directed at evaluating two concerns: (1) system effects
of lowering the RCS level, and (2) coolant temperatures with lowered
water lavel. In order to perform this evaluation 1t was necessary first
to assess the current method of heat removal thereby establishing a basis
for the predicted response to a lowered water level,
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e 2. DECAY KEAT GENERATION RATE

The decay heat power for THI-2 was calculated. Figure ) gi;es the decay heat
power values.

The methodology used in the calculation of these decay heat power values is
that prescribed in the ANSI/ANS 5.1-1979 standard. This standard provides the
basis for determining the fission product decay heat power following shutdosm
of 1{ght water reactors. The decay heat is defined in terms of power as the
sumation of 3 sets (one for each fissioning species) of 23 energy-release-per
fission terms (each prescribed in terms of operating time, shutdowmn time,growth
rate and decay rate parameters). The decay heat power calculated is multiplied
by an “upper bound term® for conservatism. The upper bound term s a function
of shutdown time and varies from a factor of 1.0 at shutdown to a mex{mun of
1.6 at 10® second to 1.007 at 109 second. The derivation of this factor 1s
based on an assunption that the reactor has operated for 4 years with an aver-
age neutron flux of 1.75 x 10!* n/om2/s (thermal), 3 x 10'* p/om2/s (epithermal).
Since TMI-2 had only about 88 days of full power operation, these ANSI/ANS fac-
tors yield conservative results in this application.

The uncertainty in the method for calculating the upper bound decay heat value
1s estimated in the standard to be 24%.

The decay heat power from activation products in the reactor materfals 1s not
included in the ANSI/ANS calculation. The decay heat power from 23% and 23%Np
are treated separately in the standard and are neglected in this analysis.
This introduces no appreciable error 1n the decay heat values after 20 days
shytdonm tire.
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3. THERMAL ANALYSIS

3.1 Present Core Thermal Status

The decay heat currently being produced by the TMI-2 core, thres years after
shutdown, 1s approximately 45 kw. This relatively small power is being removed
with no forced primary system flow from reactor coolant pumps or decay heat
pumps, while -the steam generators are in wet layup with no secondary side
circulation. The measured temperature data for the primary system suggest

that heat removal s occurring via conduction through the walls of the vessel,
piping and steam generators, and s ultimately convected to the reactor bufldino
ambient air. The data also support the theory that some recirculation of fluid
1s taking place within the reactor vessel while some mt nigntion of fluid
eround the RCS loops 1s also occurring.

To verify this theory of the current mode of heat removal a sieple heat balance
was established for the RCS. Using measured temperatures around the RCS, and
cslculated heat transfer coefficients for each component, the predicted heat
removal can be determined. This heat removal is then compared to the predicted
core heat generation for the particular date the temperature data were taken.

The results of this heat balance are summarized in Table 1. Oue to changes in
the reactor building water level over the time period represented by the data,
the relative heat removal predicted from the various components changes for

each date used for the data comparisons. Figures 2 through 5 provide the
detailed heat balance data for each date and corresponding reactor building
water level. Temperature data are shown on the RCS schematic. The incremental
heat removal  {s calculated using the temperature data, the surface areas detailed
in the attached tables and the oven'll heat transfer coefficient, u. Ai50 pre-

vided in the tables. : .

The heat transfer coefficients were determined using literature vi!ues for both
the water and afir side f1lm coefficients. These film coefficients, empirically
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based, reflect the vertical or horfzontal orfentation of the component’s surface
and.the shape of the component. The film coefficients neglect the presence of
the mirror insuletion present on all major RCS components. This insulation is .
effective Bt reactor operating temperatures due to i1ts radiation heat transfer

°  properties only; at lower temperatures where radfation heat transfer 1s negli-
‘gible 1ts fnsulating properties are sssumed to be minimal. The validity of
this assumption can be determined by comparing the results of the heat balance
benchmark with the calculated decay In.u values.

The components of the overall heat transfer coefficients are shown §n Table 2.

For each RCS component the conduction and convective coefficients are detailed

along with the overall heat transfer coefficient. Literature sources for these
coefficients are also provided with Table 2.

The results of the benchmark heat balance support the validity of the assump-
tions for the current mode of heat removal. Agreement betweea the predicted
heat removal and the calculated decay heat production was obtained for the

five configurations tested. Although some uncertainty exists relative to the
actual decay heat production and the calculated heat losses (uncertainty in
measured temperatures and calculated heat transfer coefficients), the agreement
between heat production and heat loss supports the assumption of fluid recir-
culation in the vessel and net migration around the loop. Thus, the application
of the heat balance technique and the corresponding heat transfer coefficients
for analyzing other coolant levels appears reasonable.

Although agreement was obtained between the predicted heat 1oss and calculated
heat production a number of uncertainties exist in the analysis. As noted in
Section 2 the predicted decay heat values are subject to some uncertainty but
should be conservative (s11ghtly higher than actual).

The overall heat transfer coefficients shown in Table 2 are dominated by the

air side convective film coefficient. These film coefficients are not precisely
known. Also, the effect of the mirror insulation on the effective film coeffi-
rian? 45 not known. However, the benchmark calculations were performed with a
mhsfstent application of the afr side f{lm coefficients although the propor-
tions of heat transferred through the afir interface were di fferent for each of
the cases. The different configurations (amount of RCS in contact with reactor
building water) calculated suggest that these coefficients are reasonably ac-
curate.
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Other uncertainties present in the analysis include, (1) the use of average
coolant temperature for a cosponent rather than actusl gradient, and, (2) the
asasurement uncertainty in the incore and loop temperatures themselves. These
mceruint_ie; wil) also exist for the partially drained configuratfon, and will =~
be accounted _fbr in the recommendations of Section 3.4 and Section 4.0.

The calculations are also subject to uncertainties which will not affect the
analysis of the partially drained configuration. Heat resoval via conduction
from RCS components directly to reactor building water represents a significant
portion of the total heat removal. The actual water level in the reactor building
for each case of the calculations s approximate. However, the water no longer
contacts any portion of the RCS, therefore, any uncertainty in this parameter
will not affect the analysis of the partially drained configuration. The actual
heat removal capacity of the reactor head and Control Rod Drive Kechanisms (CROM)
15 unknown due to the 1ikely presence of non-condensible gases in the RCS. It

1s 1ikely that these gases partially insulate the head and CROMs from the RCS
water inventory thereby significantly reducing the heat transfer. Therefore, heat
losses through the CRDMs were neglected for the benchmarking calculations. How-
ever, in the partially drained configuration the head and CROMs will also be ef-
fectively eliminated as a source of heat removal since the RCS level will be

“Tow enough (1 ft above plenum cover) to prevent direct contact. Some heat removal
via convection or evaporation may occur; however, this additional heat transfer

13 neglected as a conservatism.

The effects of the varfous uncertainties in the analysis cannot be accurately
quantified. Rather than place arbitrary uncertainty and conservatism on the
the analysis method, the recommendations based on these analyses reflect a
qualitative judgment of the effect of these uncertainties.



Table 1. Results of Heat Balance

______-——_——_

Calculated Estinated decay

Date heat loss heat level
Sept. 26, 19681 54.9 O £8.0 kw
Mov. 11, 1981 .4 - 52.0 W
Jan. 1, 1982 49.0 kW 49.5 kW
Feb. 18, 1982 45.0 kwW 46.5 k¥
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Table 2

Water Side ¥all Therma) Air Side Overall Heat

- Film Coeff, -6 COnductivi_tfo Film Coeff.o®  Transfer Coeff.
Node  BTU/hr-ft»-°F  BTU-in/hr-ft2-F  BTU/hr-t2-°F _BTU/hr-ft2-OF

Ai=5e2 166.2 370 9 <76

B 94.7 370 .48 . .48

c 9.7 370 .56 .54

D " 24.9 370 . 61 59

3 371 370 - - - 3.16

F 379 37 .26 25

6 64.7 370 74 .70

eeeportion of Steam Generator and Hot Leg Piping under water. F{Im coefficient
of water on outside surface of mirror insulation s 31.7 BTU/hr-ft2-5F,
The heat tnnsfel: coefficient for the water and mirror insulation combined
was determined experimentally at Diamond Power to be approximately
13.0 BTU-in/hr-f22.9F,

*The air side f1Im coefficient 1s the most significant value in determining
the overall heat transfer coefficient (U). The water side f1lm coefficient
and wall thermal conductivities have 11ttle effect on the overall U. The
f11m coefficient of air for the different nodes was calculated using the
equations which matched most closely the geometries of the different nodes.

Node Applicable Geometry

= Flat plate; horfzontal

= Cylinder; vertical

= Cylinder; horizontal

Flat plate; vertical

= Cylinder; horizontal

= Cylinder; vertical

= Flat plates; horfzontal and vertical sections

A M MO OO >
]
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1.
2.
3
4.
5.

References for Table 2

- Grober, Erk, and Grigull, Fundamentals of Heat Transfer, McGraw-Hi11 (1961).
M. H. NAdams, Heat Transmission, Ird Ed., McGraw-Hi11 (1954).

Fujﬂ: et al., Intl, Journal of Heat Moss Transfer, Vol. 13 (1970) pp 753.
M. Jacob, ASHE Transfactions, Vol. 68 (1946), pp 189-194.

Shoo T1 Hsu, Engineering Heat Transfer, D. VanNostrand Co., Inc. (1963).

A. 0. Coldburn and 0. A. Hougen, Ind. & Engr. Chemistry, Vol. 22, KNo. 5,
May 1930, pp 522-539. ;

ASME Sectfon 111 Appendices, (1977).

ASHRAE Fundamentals Handbook 1977, American Society of Heating, Refrigera-
tion, and Afr Conditfoning Engineers Inc., (1978).
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Figure 2.

Losses Through RCS Loops,
September 26, 198)
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Figure.3. . Losses Through RCS Loops,
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Figure 4. Losses Through RCS Loops,
January 1, 1982
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91.5%
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A 0.76 562 €.03 Amdient air

8 0.48 452 5.61 Ambient air

[ ofd 0.54 692 7.05 Amdbient air
D 0.59 2102 15.03 Ambient afr :
3 3.16 233 7.50 Containment bldg. Ilt!}‘
F ‘0.25 816 0.20 Amdient air e

¢ 0.70 NS0 _2.62  Ardlent air

49.0

39



Figure 5. Losses Through RCS Loops,
Fedbruary 18, 1982

97°F mpe

Approximate coolant
level for partfally 93%
drained configuration 1'

TR _Containment Building
Water Level

qQ = UAaT
U, .tu,ho
Node fti2-fF A, 722 q, k¥ Heat Sink
A 0.76 562 4.9 Amdbient air
] 0.48 452 4.46  Amdient air
G 0.54 692 6.87 Ambdient air
D - 0.59 1738 15.23 Amdbient afr
E 0.59 419 " 2.8  Amdfent air
F .0.25 1050 3.08 Ambient air
6 0.70 1150 2.50 Amdbient air
45,0

3-10



3.2 Radial Core Coolant Temperature Profile

The YMI-2 inspection progrem currently planned as part of the overall recovery
program will be performed with the TMI-2 operating procedures. For the partial
draining of the RCS, THI-2 operating procedure 2102-3.4, Revision 2, "Reactor
Coolant System Operation with Core Cooling via Natura) Heat Loss,.® states that
the average incore thermocouple temperature must be less than 170 F and aN
operable thermocouple temperature readings must dé Yes. *han 210 F.

The basis for satisfying this criterion with respect to the average temperature
was established in Section 3.1 and 1s discussed further in Sections 3.4 and 4.0.
Predicting the maximum thermocouple response based on the average temperature,
however, requires an evaluation of the maximun/average tecperature history.

The relationship of maximm to average incore thermocouple values was evaluated
through the use of the core coolant temperature map shown in Figure 6. This
map constructed from data taken October 27, 1981, has an average temperature

of 113 F. Most values are grouped in the range of 110 F to 120 F; total range
of values 1s S0 F to 143 F. The differense between the maximum and average
temperatures of 30 F 1s indicative of values observed over the preceeding six
sonth time period (Septemder 1981 to February 1982). This difference between
the average and maximum values 1s expected to decrease slowly with the decrease
in decay heat level. Thus, it 1s 1ikely that maintaining the average thermo-
couple reading below 170 F will ensure that the maximum thermocouple value will
not exceed 210 F. However, individual thermocouples could be subject to random
error such that the 40 F delta between maximum and average thermocouple readings
is exceeded. While it is reasonable to interpret the present map as includ-
ing such errors, it is {mpossible to predict this behavior precisely. There-
fore, the full incore thermocouple temperature map should be sonfitored closely
following the partial draining of the RCS. These data can be used to {dentify
obviously erroneous thermocouple readings and eliminate these readings from
consideration in meeting the 210 F maximum temperature criterion.

-
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3.3 Core Therma) Status Before Pre-Head Lift Inspection

The analysis method established in Sectfon 3.1 was utilized to predict the incore
wécntun prior to partial draining of the RCS. With no extermal cooling
machanism 1n effect, the incore tsrperatures will depend on the smount of heat -
being proaucod and the temperature of the heat sink (reactor building ambient
air). Thus, the prediction of core average temperature in Figure 7 1s a func-
tion of both the time after shutdown (decay heat decreasing with time) and the
reactor building ambient air temperature. Incore temperature predictions are
sade for the time period of January, 1982, through January, 1984, assuming no
contact between the RCS and the reactor building water {nventory.

Measured incore temperatures from Septender, 1981, to February, 1982, have
remained relatively constant. (See Figures 2-5) Although decay heat produc-
tion decreased during this time, the reactor dbuilding water level was also
being lowered. As this level decreases, the heat transfer from the RCS 1s
reduced (reactor buflding water 1n contact with the RCS provides improved heat
transfer relative to air). As of February 3, 1982, the reactor building water
Teve) no longer contacted any portion of the RCS. The data reported in Figure
S (February 18, 1982) are consistent with this lowered water level.

The curves of Figure 7 demonstrate that the average incore temperature should
remain below 170 F indefinitely in the current cooling mode as long as the pre-
sent coolant inventory 1s maintained. It can also be observed that the
predicted incore temperature 1s sensitive to the reactor building ambient air
temperature. The relationship between incore temperature and ambient air
temperature 1s essentially one-to-one, 1.e. each 1% change in the ambient air
results in a 1°F change in the core coolant temperature.

3-13
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3.4 Decay Heat Removal With a Partfally Drained RCS

The recovery procedures at THI-2 require the partfal draining of the RCS to
perform inspections prior to head removal. The incore coolant temperature
response 20 this partfal draining has baen evaluated based on the method
established and benchmarked in Section 3.1.

Heat removal in_the partially drained configuration is assumed to occur only
through the reactor vessel walls and lower head. Based on an anticipated
coolant level one foot above the plenun cover (see Figure S), the upper

head could be effectively insulated from the coolant inventory. Although
some heat loss through evaporation at the 1{quid surface and condensation on
the vessel head would occur, this particutar mechanism 1s conservatively
neglected. Also not considered in this evaluation are heat losses which could
occur in the RCS cold leg piping. In the partially drained con-

figuration no flow path around the loop remains. Thus, with no net mass of
fluid moving around the loops 1t s conservatively assumed that a negligible
‘smount of heat could be lost via conduction through the stagnant water in the
cold leg piping. °

Based on this assumed heat transfer geometry the incore coolant temperatures

* are found to depend directly on the core power (decay heat) and the temperature
of the heat sink (reactor buflding ambfent afr). Thus, the predicted incore
coolant temperature is shown in Figure 8 as a function of time after shutdown
and the reactor building ambient air temperature. From this figure 1t can be
observed that the average coolant temperature may exceed the 170 F ;
criterion depending on the date of partial draining and the actual reactor .
buf 1ding air temperature. However, 1t should be noted that the temperatures
displayed in Figure 8 are steady state values. The mass of metal and coolant
in the reactor vessel 1s significant relative to the small amount of power
currently being produced. To quantify the magnitude of the time delay that

would be expected in reaching the temperatures predicted in Figure 8,. the core

heat up rate was determined.

.The core coolant heatup rate |fter partial draining of the RCS 4s shown in
Figure 9 as a function of time after shutdown and reactor bui‘ldiﬁg smbient afr
temperature. This curve is based on assumad coolant temperature of 170 F; at
coolant temperatures below this value heatup rates would be s1ightly higher,
The heat capacity of the water {n the reactor vessel (to 1 foot above the
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plenun cover) is the dominant effect {n the analysis although the heat capacity
of fuel and metal components (vessel and internals) was also included. As in
the anmalysis of Figure 8, the coolant inventory contained in the hot and cold
Tegs s not considered 1n the heatup rate calculations.

The time response shown in Figure 9 1s significant relative to the predicted
temperatures of Figure 8. bWhereas the curves of 'Figun 8 represent steady state -
values, the results of Figure 9 indicate that the core could take 2 to 4 weeks

to reach 170 F from an {nitia) temperature of 100 F-110 F (reactor building air
temperature of 104 F, date of draining - late 1982). Thus, the results of

Figure 8 should be taken as guidelines for the potential need for supplemental
cooling rather than absolute requirements.

The potential need for supplemental cooling s shown {n the predicted tempera-
tures of Figure 8. Guidelines for the amount of supplemental cooling which
could be required are presented in Figure 10. In order to maintain the predicted
fncore temperature below 170 F, the required supplemental heat renoval is shown
as a function of time after shutdown (decay heat decreasing with time) and reac-
tor buflding ambient air temperature. The excess heat which must be removed to
maintain the predicted incore temperatures below 170 F 1s shown {n Figure 10

to be quite small (on the order of 5-10 kw for a mid-191'2 draindown with an

ambient air temperature of 80 F).

As showm {n Figure 10 the reactor buflding ambient afir temperature significantly
affects the supplemental cooling reduirements. Assuming no supplemental cooling
the max{mum building air temperature to maintain predicted incore temperatures
below 170 F was determined. This maxioun building air temperature {s shown in
Figure 11 as a function of the time after shutdown at which partial draining

of the RCS s performed.

As in the case of Figures 8 and 10, Figure 11 provides guidelines for operation.
Due to the uncertainties identified in Section 3.1, these figures should be
used as guidelines rather than requirements. Due to the low heatup rates fin-
volved (Fiugre 9) a significant amount of time will be available to alter

the core cooling mechanism or restore the coolant level, if required.
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4. SAFETY EVALUATION

The losses~to-ambient core cooling mode for a partially drained RCS has been - -
evaluated with respect to the safe operation of the plant. The basis for evalu-
ating the adequacy of this cooling mode is taken from TMI-2 operating procedure .
2102-3.4, Revision 2, "Reactor Coolant System Operation with Core Cooling via
Natural Heat Loss.” This procedure states that the average fncore thermocouple
Cecperature must be less than 170 F and all operable thermocouple tesperature
readings sust be less than 210 F.

Guidelines for the predicted average incore temperature after partial draining
of the RCS are presented fn Figures 8, 10 and 11. These guidelines indicate
that under certain conditions the heatup of the reactor coolant could ultimately
approach the 170 F criteria 1f measuras were not taken to improve heat removal.
Ouve to the uncertainties {dentified in Section 3.1 it 15 recommended that

some means of 1mp;'oved heat removal be provided 1n the procedure as & back-up
position. Core heatup rates shown in Figure 9 indicate that a sfgnificant

time period (days to weeks) will be available to implement the improved heat
reoval, 1f required.

"Conservatisms were introduced into the analyses through the elimination of all 3
heat removal from the RCS via the reactor vessel head and CRDMs, and cold leg
piping. Therefore no supplemental heat removal may actually be required.

The max{mum thermocouple reading 1s expected to remain below 210 F by maintain-
ing the average thermocouple reading below 170 F. This conclusion is based -

on the core radial thermocouple map of Section 3.2 (Figure 6) and on the expected
trend in maximum/average readings with decreasing decay heat production.

Containment building ambient air temperature has been showmn to significantly
affect the cooling requirements in the partially drained configuration. Main-
taining the ambient air tesperature at the required level (as per the guide-
Yines of Figure 11) is an effective means of holding average incore temperatures
below 170 F without requiring supplemental heat removal. With the very slow
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heatup rates involved core coolant tesperatures could be kept below the desired
1®it by altering the ambient air tesperature if required.

An l‘t!m.lt; means of providing supplemental heat removal would be to utfilize
air flow across the reactor coolant inside the vessel head. Such a flow path
could be established between CROM and reactor vesse)l head thermocouple pene-
trations. Maintaining a flow across the coolant in the partially drained con-
figuration would provide direct convective cooling and evaporative cooling.
Sith the slow heatup rates involved, the adequacy of this cooling mechanism
could be verified by monitoring the actual incore thersmocouple temperature
response.

Supplemental cooling could also be accomplished by adding water to the
RCS by means of the Decay Heat Removal, Min{i Decay Heat Removal, or
Standby Pressure Co_ntro! Systenm,
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APPERDIX C

REACTOR COOLAKRT SYSTEM (RCS)
DILUTION SAFETY EVALUATION

INTRODUCTION

During the "Quick Look" testing, reactor shutdovn (subcriticality) will
be assured by the presence of boron in the reactor coolant. The Quick
Look Safety Evsluation haa shovn that maintaining RCS boron concentrstions

of 3500 ppm or greater assures subcriticslity under all credible conditions.

THI Unit 2 operations during the paat tvo years hss demoustrsted that

it is possible to maintain a controlled boron concentrstion in the

RCS. However, during the "Quick Look" testing the RCS conditions will
differ from those that existed during the previous tuo years. The
primary coolant level will be lowered snd the primary coolant pressure
vill be reduced. In viev of these differences it is necessary to
evsluate the sbility to continue to reliably maintein s controlled boron
concentrstion in the RCS. The purpose of this sppendix ia to review

the precautions that will be taken to assure that the required RCS

boron concentraton will be maintained.

The Reactor Coolsnt System temperature and chemistry will not be
significantly affected by the Quick Look test and, hence, boron
solubility will remain essentially unchanged. The only way RCS
boron concentration can be changed in sn uncontrolled manner during
this test is by dilution of the RCS coolan: with wster that is
either, unborated or boratéd below 3500 ppm. This discussion will

therefore reviev the methods that will de used to prevent boron dilution.

c-1
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C-2

Uncontrolled boron dilution will be prevented by a combination of

prevention, monitoring, and corrective actions.

The following discussion shows that the procedures in effect during

the time the RCS is depressurized will prevent the uncontrolled addition
of coolsnt to the RCS and, hence, prevent the uncontrolled reduction

of the boron concentration. In addition, if for soms unforeseen reason
boron dilution should occur, the monitoring and corrective action
procedures will preclude significant reductions in boron concentration

and assure the reactor remains shutdown,

ACTIONS TAKEN TO PREVENT BORON DILUTION

As stated above, boron dilution will result if wster containing

boron concentrations less than 3500 ppm is added to the RCS. The
sources of this wster are the verious systems connected to the RCS
which includes the secondary system. Systems wvhich potentially contain
coolant with boron concentrations less than 3500 ppm have been reviewed

to ‘assure thst they will not be creditable sources of boron dilution.

The following actions will be tsken to prevent the unintentional
dilution of the boron in the RCS. It is concluded that these actions
will prevent the dilution of the RCS boron concentration during the

time the pressure and wster level are lovered.

1. Steam Generator
One potential source of.dilution of the RCS boron is steam
generator coolant leakage through the steam generator tubes.
The potentisl for this leakage has been precluded in the psst

by maintsining the RCS pressure higher than the secondary



a.

coolant pressure, any leakage would be from the RCS to the

secondary systea.

During the "Quick Look" the primary system pressure will be
reduced to atmospheric pressure. To preclude RCS dilution
while the RCS pressure is reduced, procedures require that
veter levels in the secondary side of the stesn generators
will be maintained lower thsn the levels in the primary side.
In this manner the preferred potential leskage path, from
primary to aecondary volumes, is waintained. Under these
conditions the secondary volume of the steam generators vwill

not be a credible source of RCS boron dilution.

Makeup snd Purification/Standby Pressure Control Systems

These systems are borated greater thsn 3600 ppm snd will be
operated by approved "Quick Look" procedures to supply make-up
vater to the Reactor Coolant System wvhenever leakage necessitates
addition. The Make-up pumps, MU-P-1A/B/C will be tagged "off"
and portions or connections to these systems that are not used
for make-up will be isolated. In addition, the emergency pro-
cedure uses portions of the Waste Decay Liquid aystem to rapidly
refill the Reactor Coolant System from the RC bleed tank via the
veste pump, WDL-P-5 A/B. To preclude any insdvertent operation
of this emergency injection,; isolation valves, MU-V9 and MU-V10

will be tagged closed.

Demineralized Water System

The deminerslized vater system has been revieved and where possible
spool pieces in the flow path to the RCS have been removed.

Where this could not be done, isolation valves in the flow



paths have been tagged shut.

Demineralizer en
During the "Quick Look" evolution the SDS may be opersted to
process the present supply of unproceased wvater. This evolution
vill not create s dilution concern since the SDS will be iaolated
from the Reactor Coolant Syatem by tagging closed the injection

valves, MU-V9 and MU-VI10.

Other
TABLE 1

Decay Heat Removal

Mini Decay Heat System

Core Flood System

Intermediate Closed Cooling Water
Nuclear Services Closed Cooling Water
Decay Heat Closed Cooling Water
Chemical Addition

Steam Generator Feed Water

Spent Fuel Cooling

The following actions will be taken to prevent dilution of RCS boron

by unintentional transfer from the ayatems in Table 1 of coolant con-

taining boron concentrations less than 3500 ppm to the RCS.

A.

The ayatema in Table 1 have been reviewed and isolation valves

in the flowv paths have been tagged shut.

A checklist has been prepared listing sll valvea that are to

be used for isolation during the time the RCS ia st reduced
presaure (including those in Section II .2, 3, and 4). The
poaition of these valves will be confirmed every 24 hours during

this period.
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C. All puxps in these systems; except nuclear aervices closed
cooling weter which cools the instrument air cowpressora and
vaste gss cowpressors; will be tagged out to further preclude

the insdvertent transfer of coolant to the RCS.

D. The levels of all atorsge tsnks that could be aources of vster

into the RCS vwill be monitored and logged once every 24 houra.

E. The systems in Table 1 will not be operated in any manner,
except for emergencies vhere plant safety is involved, wvhile
the control drive mechanisms are open during the Quick Look.
All other times their operation will be limitad to those
sctions necessary to support plant operation. (These easentisl
needs vill not include additions to the RCS. Such action will
only be done for plent ssfety or when approved by PORC_on a
case by case bssis.) Such operation will require the written
spproval of the Shift foremsn and will be corducted uader his
direct surveillance. During this period any chsnge in atstus
or operstion of the aystems in Table 1 will be entered into the
control room log. Surveillence testing for the systeas in
Table 1 vill be postponed during the time the RCS is at atmospheric
pressure.
ACTIONS TAXEN TO DETECT AND TERMINATE INADVERTENT BORON DILUTION
The actions described in Section III will prevent the inadvertent
dilution of the boron in the RCS. However, even though auch dilution
is unlikely, procedures have been established to assure the early
detection of a dilution event. In auch a case, action cen be taken
to find the source of the dilution and atop it or to inject additional

boron.



The boron concentration vill be monitored by monitoring the RCS
coolant level. After the RCS level has been reduced, a base ayatem
leskage rate vill be established. Using thia leaksge rate a plot

of predicted level veraua time vill be given to the operations ataff.
Superimpoaed on this predicted level vill an 4 alarm and 4+ action
level limit. The alarm levels vill be 24 inchee above and below

the base levels. The action level fa 12 fnches above the baae level.
If it is assumed that unborated vater ia being added to the RCS, the
RCS boron concentration will atill be above 3500 ppm at the higher
alarm level. The lover alarm level ia used as a precaution to
indicate a possible increase in plant lesksge and, hence, a need

change the level.

Procedures vill require the folloving action in the event the high

action level is exceeded.

1. The control room operation log diacussed in Section 11 2E will
be reviewved to attempt to determine the aource of dilution.

2. The position of all isolstion valves and atatus of all pumps
discussed in Sections 11 2B and C shall be checked.

3. Storsge tank levels (Section II 2D) will be checked to
deternine the acurce of coolent dilution.

4. Quick Look operations shall be tewmporarily terminated and the
sechanise aeal ahall be replsced if the high alarm level is

reached.

If the above actions do not atop the incresse of RCS.coolant level
and high alarm level ia reached, the TMI Unit 2 Emergency Procedure
2202~1.2 "Unsnticipsted Boron Dilution” will be used to increase the

RCS boron concentration.




In the cvent the lowver alarm level is reached, a nev base level

‘curve will be established with appropriate alarm snd action level

limita.

In addition to monitoring the RCS coolent levels and the alarm
and action levels discussed above, the source range neutron
instrumentation will be wonitored. A base coumt rate will be
establiahed after the coolant level hes been lovered. An incresse
in count rate for more than one minute, of tvo times the base
count rate shall be considered an alarm limit. An increase of
five times the count rate for lass than one minute shell also be
considered an alarm limit. On reaching these limita the response

will be the saxe as for the RCS coolant high level alarm.

SUMMARY

The actions discussed above are considered aufficient to preclude
inadvertent boron dilution. In the unlikely event auch dilution
were to occur, procedures vill permit its detection sand provide

the information needed to terminate the coolant transfer. Based
upon the use of these plant limits and procedures, reactor shutdown

is assured and criticality isnot considered credible.
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