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ABSTRACT

The source range monitor (SRM) data recorded during the fi~s: 4
hours of the Three Mile lsland Unit No. Z (TMI-2) accident fcllowing
~@acLor 8o.liown were ana.yzed. An eflfort to simulilate the actuali SRM
response was made by performing a series of neutron transpor:
calculazions. Primary emphasis was placed on simulating the changes
‘{n SRM response to various system events curing the accident, so as to
obtain useful information about core conci:zions at the various stages.
Sased on the known end-state r~eactor conditions, the major system
events, and the actual SRM reacings, self-consistent estimates were
zade of core liquid level, void fraction !{n the coolant, and locations
27 core zmateria.s. nhis analysis expands the possible interpretation
c? the S22V cata relative 0 core Camage progression. The results
appear :c be consistent with other stucies of the TMI-2 Accident
Tvaluation Program. and provide infcraation uselul for the development

anc¢ deter=!-a:ion of the TVI-2 accident scenar{o.
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1. INTRODUCTION

The accident at the Three Mile Island Nuclear Generating Station
Unit-2 (TMI-2) resulted in extensive damage to the reactor core of
this pressuri:ze¢ water reactor (PWR). This damage included fuel
melting and the relocation of 10-20 tonnes of the fuel into the lower
Plenum. K numder of groups'~'?! have studied the accident {n an effort
*C understand the various events that resulted in the existing final
core configuration shown {n Figure 1.1.

The acc.dent (s the most severe to have occurred at a commercial
PWR reactor to date. A betier understanding of its progression as
well as Qquanti’ication of a number of unknown parameters will prov.de
lns.ight regarding degraded core accidents anc¢ their mitigation. This
work examines the ~esponse o7 the source range monitor (3RM) during
the accicent ‘n an attempt to resolve a number of outstanding issues
{ncluding the following:

a. Wrat <as the coolant {nventory as a function of time?

D Ho# can the relocation of the core into the lower plenum and

the formation <7 a cooladble configuration dSe understood?

c. shat was the precise sequence of events tha: led to the core

relszcation?

d. What nag-ene? to the control rod material 2uring the ~cre

neat-up and subsec.uent Zegracdation”

The study was ccndultel as part of the TVI-2 Accident Zvaluatic-
Progra=." T-ls prcgram {9 sponsores -y the U.S. Deparirent of Energ:
3nd !s cdirecte: towards understanding what happened dur-ing the

azclient a~ad resolving %he outstanding -echnical !(ssues re’.a%ing o
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the accident. The analysis reported here complements this effort
providing additional insight into the progression of the accident.

The analysis examines the SRM data recorded during the first four
hours of the accident. Normally these detectors provide a measure of
the neutron level in the reactor when the reactor !s shut down or at
very low power levels. The response of the detector is determined by
the neutron flux at the detector location. Tnis flux is in turn a
function of the core power history, fue. distribution, moderator
density and distributior, and the distribution of control rod material
in the reactor. Previous work has shown that these ex-core detectors
provide a measure of the glodal status of the core and contain useful
information on a variety of parameters relating to the fuel, moderator
and control elements.!?:!* Since the detector response during the
accident deviated significantly from that of a normal shutdown for an
undanaged core (see Tig. 1.2).'? an analysis of the SRM response
should provile additionai insight into and details of the accizen:.

As part of the TMiI Accident Evaluation Program, the information gained
‘n this way will de a benchma~k in the development and verification of
a cest-estimate accident scenaris.

Figure 1.2 depicts the accident progression®+* as zeermined from
known end-state conditicons of the core and reactor- vessel, data from
plant {nstrumentaticn reccrcec curing the accicent, anc the results
f-~om best-es:imate ara.yses <=f the accident employ:ng the severe core
2amage accizen: progress.on coce SZDAP.!* Part of this wcr-x was
sirecteq towards ceterz.ning .7 the SRM response w~as consistent with
tn1s scenario. The ~emainder c! this section Zescribes :ne

scenario® and the u.ncertainiies relating o .
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The accident was initiated by a loss of feedwater. Through a
series of operator errors, marginal design, inadequacies in training
and emergency procedures and the mechanical failure of the
power=-operated relief valve (PORV) to fully close, this loss of
feedwater transient resulted in a small-break loss of coolant accident
(LOCA). Between 100-120 minutes after the initial loss of feedwater,
the core began to uncover. This is substantiated by the measurement
of superheated steam in the hot legs at 113 min. Best-estimate
predictions indicate that core temperatures were high enough to
balloon and rupture the fuel rod cladding at about 140 min, releasing
some of the noble gases and other more volatile fission products, such
as the iodine and cesium located in the gap between the fuel pellets
and the cladding. Fission products were detected by the containment
radiation monitor at about 143 min. These predictions also suggested
that cladding temperatures began to rapidly increase at about 150 min,
due to zircaloy cladding oxidation, and quickly exceeded the zircaloy
cladding melting point (T2170k). The molten zircaloy is thought to
have dissolved some of the UO, fuel. The liquefied mixture probably
flowed down and solidified in the lower, cooler regions of the core.
The lowest level to which the molten material flowed was probably
coincident with the coolant liquid level, which {s estimated to have
been in the lower one-third of the core.

By 174 min (just prior to the primary coclant pump transien:, as
discussed later), local core temperatures had probably reached fuel
melting, particularly in the central, nighest-temperature regions of
the core. Between one-quarter and one-half of the core probably

attained cladding melting temperatures and some subsequent fuel



dissolution and reloocation. During the time period between 150 and
174 =in, a relatively solid region of core materials composed of
previously molten and {ntact fuel rods could have formed, as
i{llustrated in Figure 1.3.a. The top of the core probably consisted
of nignhly oxidized fuel rod remnants. High-temperature molten
material probably had not yet penetrated delow 0.75 m above the bottom
of the core, since the Self Powered Neutron Detectors (SPNDs) at Level
1 and 2 (2.25 and 0.75 m above the core bottom, respectively) did not
ind{cate any anomalous behavior.

The primary coolant pump transient at 174 min. rapidly injected
some water ‘nto the core. However, the amount of water and the extent
of ore cooling is not known. Furthermore, f.ow blockage, resul:ing
frome the relocated material in the lower regions of the core probably
ilzited coolan: flow ‘ntc tne core. Thermal and mechanical shock due
to the !njlected coolant would result in emdrittlement and
fragmentation of the fuel rod remnants {n the upper regions 52 the
core. These fuel rod fragments could have collapsed downward towards
the molten and relocated core material, forming the ~ubble bed shown
in Flgure 1.3.>.

Thermal ca.culations and flow estimates suggest that the zone of
relocated core =aterials continued o heat up even after injecticr of
this water {nto the zore a: 174 minutes. These calcu.at!lons are

Jcneistent with recent ana.ysis of :tne {n-core thermocouple alarms.

zsre Dy falling back f=o= a high-temperatu~e alarm state, wh.ie :he
central -nermocouples remained !n thei~ nigh-temperature alarm state

«<nen the core was f.ooded -.th coolant, indicating the presence of a



temporarily noncoolable mass in the central part of the core even
before the pump transie;t.

Most, if not all, of the core materials found in the lower plenum
probably relocated at approximately 225 min in a molten form. This
relocation was indicated by anomalous output from the Level 1 and 2
SPNDs and by a very rapid increase of approximately 2 MPa in the
primary system pressure. The increase in system pressure was
apparently caused by the generation of substantial quantities of steam
as the hot core material flowed into water in the lower plenum. The
steam and water probably fragmented the molten material as it
relocated into the lower plenum. This fragmentation may have resu.ted
in the formation of a coolable configuration in the lower plenum.

Core heatup and further core degradation were probably halted at this
time by the presence .of water in the lower plenum and the continued
injection of water into the RCS by the hizh pressure injection system.
The postulated final damage configuration of the reactor core and its
support structures is illustrated in Figure 1.3.c.

As discussed by reference 6, a number of basic issues remain to
be resolved. These issues are given in Tatle 1.1. 7The objective of
this work was to analyze the SRM response, particularly during those
times corresponding to when the dramatic changes :n core geometry or
coolant conditions were thought to have occurred, to allow
benchmarking the accident scenario discussed here as well as to
resolve a number of tne outstancing technical issues :dentified in
7able 1.1,

To accomplish this objective, a series of neutronics calculations

were performecd using the DOT 4.2 computer code. These simulated the



TABLE 1.1

Unresolved Technical Issues
Related to the Accident Scenario

RCS The-mal-Hydraulics

LI

2.
3.

What was the coolant inventory as a function of :ime?
What were the fiow patterns within the reactor vessel?

how wa$ the core reflooded’

Core Damage Progression

1.

2.

What was ‘he peak temperature?

How d:d the cont-o' and burnable poison rod: ‘nteract with the ‘uel
rods?

what was the ex:ent of flow blockage, and how did 1t acfec:t tne
hvcrogen production’?

How can the relocation of the core 1nto lower plenum 3nZ ‘he
subsequent ‘orma:fon of a cooladble configuration be uncerstood’

wWhat was the oegree of damage to the core support assembly,
instrument struciures, and RV lower head?

fv¢sion Produc: Sersvior

g

~o

Wha: .ore ‘~e releases ‘-om the fue’® of the less volatile ¢*ssion
crogucts?

whil .ere tne chemical forms of the fission sroduc's?

nhat were he ohysical and chemical interacticrc that e<felted
‘1ssion Sroduct t-anspor:?

Kow C'd tne 'Srg-ter~ cxDosure to an agueous envircoment affe ¢
fisston croduct denevict! :




material conditions in.the reactor during the accident in an effort to
reproduce the SRM response.

In the sections that follow, the analytical approach as well as
prior work are described. Specifically, section 2 describes prior and
related work. In section 3, the calculational method used in this
analysis is presented along with benchmark calculations. Section 4
presents the results of the analysis as well as the uncertainties.

Section 5 provides a summary of the conclusions of this work.
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2. PREVIOUS WORK

A number of previous works have analyzed the TMI accident in an
attempt to understand its progression. These studies include analysis
of the SRM response as wel. as analyses of the r~esponse of other
incore and ex-core instrumentation. This section describes a number
of these stucies relating to the present work.

The SRM response during the first 240 minutes o7 the accident is
shown {n Fig. 2.1.' A nuzbder of groups including NSAC,'~’ Malloy and
Chang,® and ORN.L’ have examined the response.

The NSAC study analyzed the response during the accident in an
effors 0 correlate the structure wWiih various system events and a
postu.atec scenario. They explained the s:ructure as follows.

The i{ncrease ‘n ccunt rate from poia: B to point £ of Fig. 2.1!
was 2ue 0 homogeneous voiding in the core and downcomer (causec °y
water flasnhing to steam as the system pressure decreased) wnich
sesultec¢ In decreasec attenuation of the neutrons. 7The 3~ and A-lo0p
coolant pumps we-~e turned off at point D and point I respectively.

Turning cf2 the A-_00p coolant pumps (s delieved to have caused rrase
separation, with tne steam voids moving up and the 1!3uid water
setsling downward (n the vesse. and prizary system. Th'!s would have

res..ted !n liguid water Tilling the corme anZ Zowncomer causing the

[}
(3]
«r
-
23
o
«t
s )
[, J

soun: rate IO CGrop at deint T. It is telfeved tnat at :h
coolan: mass !‘nventory was still sufflicient to octve~ the core ani Lo
£.1) whe downcomer. Fllling of tnese regicns Witn coolant of near
norca. Zdensicty @0u.d cause tnhe tount rate 0 CmOp tC nearly tne ncroal

val.e TOr ar unvolded core as octcurred at pcint Y. The nor-mal Zecav
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curve shown 1n Figure 2.1 is that resuliing from an actual T“I-2 scram
that occurred at T™I about one week dbefore the accident.

As the core heatup continued, the coolant boiled off, the core
began to uncover, and the downcomer water level began to drop. The
decreasing levels caused the count rate to increase from points F to
point E. It should de noted that the downcomer water level should dbe
lower than the ccrresponcing two-phase mixture level in the core due
to the hydro-static pressure equilidrium.

The leveling off and decrease of the count rate from point H to
point I could be accounted for either by the overfilling or continuing
to empty. In eep:ying, two courterbalancing effects .nteract to
produce a decreasing count rate. As the water level decreases, the
amcunt of neutron shiel:iing cecreases. <his cecrease increases the
-eakage o7 neutrons from *nhe core, tending to ra'se the count rate.

AT the sare :ime, the 1:css cf coolant 2ecreases both the photoneutron
source strengin anc the effect!ve neutron multip.ication factor of the
core, cCausing a decrease :n source strengih. 7The Jecreasing source
strengin tenis 0 cecrease the detector count rate. 3Sased on water
Tiow rates and¢ ciher evigence, the vessel is thcught to have contlnued
To e=cty. At point 7, the short-term flow {rom the operation of the
numbdbe™ 23 pump prcdadly fll.ec the downcomer® and caused the rapid
2rcp in SPM count rate. From point J o L. the water ‘nlected by the
23 pump s do'l.ed 077, Zecreasing shie.Z{inz an2 increasing neuircen
leve.s at the SPVY. A% point L, tne High Pressure [n‘ecti:cn System
Z2I3) fillez ine cowncomer and the core ~egions, thus ~e-.~ning the

ecunt "ate L near tut nigher tnan norTal values.

13



The interpretation discussed above showed that the response of
neutron detectors locﬁted outside the reactor vessel could be
correlated with the coolant conditions in the TMI vessel during the
accident.

To understand the effects of the vessel coolant status on the
ex-core detector's response, a detailed neutronics analysis is
required. Fcr large-break LOCA's, Gundy'® has analyzed several LOFT
experiments using such an approach. NSAC!:? and Malloy and Chang®
performed similar analyses for the TMI accident.

These analyses focused on the coolant status during the first 174
minutes of the TMI accident. Because the extent of the core damage
was unknown at the time these studies were conducted, an intact core
configuration was assumed. Video and sonar data,'°''? have shown that
the core was severely damaged in the accident. Furthermore, thermal
hydraulic data recorded curing the accident suggests that this damage
began as early as 140 minutes into the accident. As a result, the
work by NSAC and Malloy and Chang are suspect beyond the onset of core
damage. It is necessary to analyze the SRM signal beyond this time :in
light of this new information.

Zstimates of coolant inventory have also been done using
available thermal hydraulic data, system operation characteristics,
and the initial conditions prior to the accident.? Tne core liquid
level based on the analvsis in Reference 2 is given in Fig. 2.2. -%
shoul< te noted that the cdata shown in Fig. 2.2 i{s basecd only on

thermal hycraulic considerations and do not take into account tne SEM

data or analyses.

o]
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In Reference 3, a comprehensive analysis of core instrumentation
and other instrumentation responsive to fuel degradation during the
TMI accident is reported. The purpose of that analysis was to try to
understand and assess the core damage at TMI. The instrumentation
examined included core exit thermocouples, self powered neutron
detectors, ex-core neutron detectors, and containment radiation
monitors. The ex-core detector work included a detalled neutronics
study which updated the earlier unpublished work of Reference 18.
Based on the analyses of the various instrument responses during the
accident, the study concluded that:

a. The response of the containment area radiation monitors at

142 minutes suggests that fuel damage had occurred.

b. The neutron transport analysis of the ex-core neutron
detectors showed that the reactor vessel water level
continuously decreased from the time the last coolant pump
was shut coff (at 100 minutes) until the restart of the 2B
pump at 174 minutes.

C. The sudden rise in the SRM at 225 minutes along with sudden
changes in other instruments suggests that major core
disruption may have occurred at that time. The report
speculates that this may have been the time at which the
upper core region collapsed and formed the rubble bed.

The revised SRM analysis of Reference 3 included a neutronics-
based prediction of core water level, the results of which are shown
in Fig. 2.3.

It should be noted that none of the works discussed above used

models of the core which were consistent with the core damage scenario

s
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envisioned by the TMI-2 Accident Evaluation Program.® As a result,

the various neutronics analyses of the SRM response are in need of

reexamination. Since it is now known that the damage to the TMI core
is much more extensive than originally envisioned in any of these

studies, an updated analysis i{s needed. For example, the previous

analyses did not consider the core reconfiguration that i{s now thought
to have occurred when the 28 pump was restarted at 174 minutes or the
presence of fuel in the lower plenum.

Finally, several simplifying assumptions were included in the
NSAC transport analyses of the ex-core detectors which have the
potential to significantly alter the results. It was, for example,
assumed that an analysis of the effects of core water level and
moderator density done to explain the SRM behavior prior to 174
minutes could be extrapolated to times beyond 174 minutes. This
extrapolation assumecd an intact core, which (s inconsistent with the
current scenario. As a result, no analysis of the SRM response beyond
the start-up of the 22 pump at 174 minutes was done. Also, the
changing energy content of the neutron flux at the SEM location and
{ts effect on SRM response was neglected.

Since core damage is known t5 influence the SRM response as snown
by Baratta et al,'? any analysis must take this into account.
turthermore, as the core voids, the neutron flux at the detector
changes sign!{fizantly ‘in its energy content, causing an alteraticr !{n
SAM sensitivity wh!ch must also be accountec for.

A related analysis worth mentioning concerns the fuel
dist~ibution {n the TVYI-2 damaged core. This analys!s {s based cn

thermal neutron flux measurements obtained from two strings of solid

18



state irack recorders (SSTR).!®+?® The SSTR's were {nstalled in the
annular gap between the TMI-2 ~eactor vessel and the biological shield.
Readings obtained from the SSTR's were then used to estimate the
thermal neutron flux {n the gap.'® The resulting axial flux profile
differed significantly from what would be expected for a normal core,
and suggested that there might be some fuel relocated to the lower
head, although the amount was not qQuantified in the {nitial study.?®

The Zlux profile obtained from the SSTR readings was further
analyzed using the discrete ordinate transpor: code, DOT 4.3, and
assoclated neutronics models 5 the damaged core.'!® A total of eleven
different mode.s were tried. The various models examined differed in
the way the fuel was distributed {n the core and !n the source
strength used for the Z{ixed sources.

The SSTR anaiysis'® showec that the ther=mal flux profile was
dominated by neutrons streaming in “ne arnular gap from fuel in the
lower vessel head. The SSTR readings were also found to be re.atively
insensi{tive 0 the arrangement of the fuel insi{de the normal core
region. Satisfactory agreement between the calculated and neasured
thermal f.ux --cf!le was obtainec with ‘0 tonnes ol U0z i~ the lower
T.enuz. Allowing 7o uncertainties :n the calculations and {(n the
Deasu~ements {° was es:.matec that “here were between S %0 as many as
2« tonnes of UT; {n the lower plenum. This 5372 analysis'® for the
first time Quant!fiez 2ne a=c-unt of ?.e! m~elocati:z~ {n the lower heac.
This was cone orior %0 tne vis.al examination cf the lower heal, whicn
confirmec “ne presence of ~ore ~mate~fal tnere. Togeirer 4.th the worx
f tne Ac2ident Zval.ati:n Program, this suggests :hat the SRM data

~ave 1@ potentlal to sutstantially {=p-cve sur understanding of the



core material relocation and the core liquid 1evel;mng1“
during the accident. Indeed, this inspires the present work and the

approach used herein.



3.  CALCULATIONAL METHOD

The source range monitor response depends on two factors:
aeutron source distridbution and the shielding effect of materials
between the core and the detector. To analyze the SRM response during
the T™MI-2 acclident, doth need t0 de modeled properly. In this
section, the calculational method used in the present analysis is
described and {ts adeqQuacy {is justified. First, the calculation of
neutron source strength for the period of interest is described in
subsection 3.1. This establishes the neutron source distribution for
the analysis of the SRM response. Second, reactor models are
constructed for computer code simulations. In this work, the
twvo-dimensional, neutron transport code DOT 4.3%! was used. The
aethod used by the DOT code in calculating the spatial and energy
distribution of the neutron flux in a two-dimensional geometry {is
itown as the method of discrete ordinates. In this method, %ne
Boltzmann transport eguation for neutral particles is approximated
numerically by a finite spatial mesh, a finite energy aesh, and a
feature unique to discrete ordinates codes, a finite angular mesh at
each spatial resh. Thus, given a source of neutral particles
(neutrons or photons) and a tabulation of microscopic interacti:on
cross sections {which may include anisotropic scatter:ng), DCT can
provide an accurate approximation of the energy, angular, anc spatial
4istribution of the neutron flux anywhere witnin the system deing
naodeled. In addiilon, the DOT code has the capadility to model
sy==etric systems .n one :={ three :wo-i.mensional 2cordinate systems:
X-Y Zartesian geonetry, R=Z cy.indrica. geometry and R=0 :viindrical

deonei~y.



In this analysi;. the R-Z cylindrical geometry was used. The
reactor models include core, internals, vessel and shielding. The DOT
symmetry axis was taken to correspond to the axial axis through the
centerline of the reactor vessel. The models were divided into a
multitude of homogeneous zones representing several core sections,
reactor upper internals, lower internals, vessel, shielding, etc.

To assure the adequacy of the calculational method, including the
source term, the reactor modeling technique and the computational
procedure, the method was first applied to two loss=-of-coolant
experiments of the Loss of Fluid Test (LOFT) Facility.?? Since LOFT
was well instrumented, more complete measurements of pertinent
parameters were available for comparison with calculations. This
comparison allowed verification of the methodology prior to its use in
analyzing the TMI-2 SAM response during the accident. The reactor
model and the procedure for cross section preparation for the LOFT
facility are described in subsection 3.2, while those for TMI-2 are
given in subsection 3.3. Subsections 3.4 and 3.5 describe the
bench-mark calculation of LOFT experiments LP-SB-2 and LP-SB-3,

respectively.

3.1 Source Term Calculation

There are several pcssible neutron sources in a recently shutdown
reactor core. The major source for the first few minutes after
shutdown s the delayed neutron source, which i{s strongly time
dependent. Sy using a point kinetics code?® with six de.ayved neuiron

groups, it was determined that the delsved neutron source for the LOFT



facility during the experiments fell to 1.97x10°® n/sec in 1000 seconds.
A second neutron source arises from spontaneous fission which occurs
due to the buildup of Pu-240 and Cm-2i2. The i{nventory i{s Quite small
in these experiments. This source, as calculated dy the ORIGEN code’*®
1s only '.4x10* n/sec. A third neutron source results from the
inventory of the alpha emitters. For example, an alpha=-n neutron
source {s produced through the reaction

0!® « g =====< Ne?' « n,
The total neutron source from alpha-n reactions, as calculated by the
ORIGEN code is 4.38x10' n/sec. The start-up source is from the
spontaneous Z:ssion of Cf-252 with a source strength of 3.38x10’
n/sec. The last major neutron source .s from photoneutrons. Fission
products ezit high energy gammas which result in photoneutron
production through reactions such as

23 e ¥ ccccees H§! o n,
This reaction has a threshold energy of 2.226 Mev, so that only the
hizgher energy sammas Ccan cause th.s reaction.

Figure 3.1 shows the procedures used to calculate the
photoneutron source. The :!me dependen: gamma source from fission
oroduc: decays was calcu.ated by the ORIGEN code.?* 7o convert thi!s
gamma source to a neutron source, a shielding calcul.ation was
performec to deteramine the spatial cistr-idution of the gamma filux. A
space anc energy dependent pho*:cneutron source was ca.:ulated assunm:ng
7.2'5% D,0 !n K,Q.

A comparison of tne sirengths of the cifferent neuilr-on sjurces at
LOFT is ;rovided :r Tazle 3.1, It appears that al. sources are

negligitle with respect to the photoneutron and delayed neutron



ORIGEN

Camma Source in Core
( 9 Groups with E > 2.26 Mev )

DOT
7 Group Gamma Calculation

Gamma Fluxes in Core

Photoneutron Source
Calculation

5 Group Spatially Distributed}
Photoneutron Source '

Figure 3.1 Procedure for calcuiation of photoneutron source.



TABLE 3.1
Neutron Sources in the LOFT Core After Shutdown

Source n/sec Commen-s

Delayed neutron 3.70x10°3 - !.97:108 (100 to 1000 sec)

Photoneutron 2.74x10'% = 1.22x10'0 (100 to 1000 sec)
Alpha-N source 4.38x10° (~ Constant)
Spontaneous [iss. 1.40x10° (- Constant)

Start-up source 3.38x107 (~ Constant)




sources. The time-dependent photoneutron and delayed neutron sources
are shown in Fig. 3.2. This figure shows that the delayed neutron
source dominates during the first U400 seconds after a shutdown. The
photoneutron source then begins to become significant at about 400
seconds, and it becomes the dominant neutron source at about 900
seconds.

Since the coolant inventory in the primary system changes very
slowly during a small-break loss of coolant accident (LOCA), it can be
assumed that the neutron flux shape does not change significantly in
the first few minutes. The detector response then follows the delayed
neutron decay curve. At 1000 seconds after the reactor shutdown, the
photoneutrons are the dominant neutron source. The photoneutron
source plays the role of the external source and causes the fission
chain reactions in a suberitical shutdown reactor. The neutronics
behavior of the core in this time period depends on the core coolant
status and the strength of the photoneutron source. By assuming that
the flux shape changes very slowly in a small-break LOCA, the
neutronics analysis can then be performed by a serles of static
calculations with the estimated core void and source strength
distr-ibution at each time point. Therefore, a shi=lding type
calculation with a distributed fixed source plus fission, was

determined to be the best approach for tnis ana.ysis.
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3.2 LOFT Reactor Model and Gross Section Preparation

3.2.1 Reactor Model

The LOFT facility.?? a 50 MWth PWR, is designed to simulate the
major responses of the components and systems in a commercial PWR to a
LOCA. The facility includes the reactor vessel, the intact loop, the
broken loop, the blow down suppression system, and the Emergency Core
Cooling System (ECCS). The major components of the LOFT facility are
shown in Fig. 3.3, and the reactor is shown in cross section in Fig.
3.4,

Tne neutron detectors are located outside the reactor vessel on a
water filled shield tank. As a result, the neutronic model of the
LOFT reactor covers a large number of regions. The models contain the
core regions, the upper internal regions, the lower internal regions,
the downcomer regions, the reactor vessel, the vessel gap region, and
the bilological shielding. Because of the large numbder of regions to be
modeled, with the corresponding large physical dimensions in each
direction, the mesh spacing size is kept fairly large and the number
of neutron energy groups is kept small to save computation time.

The neutronics model for the LOFT facility was developed from the
geometry given in Reference 17. The R-Z geometry for the model used
in this work is shown in Fig. 3.5. Also shown are the locations of
the source range monitor (SRM) and the detectors A, B, T and D whizh
are part of a specially installed Penn State Non-Invasive Liquid
Level/Density Gauge System (SRM, A, 3, C and D are located in the

shield tank water region in tne figure, respectively). The model
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simulates the core, dpwncomer. vessel, air gap, and the shield tank
beyond the detector location, including the aluminum neutron windows,
which are plates of aluminum in front of the detector tube locations.
The aluminum neutron windows displace the water in the shield tank in
front of the detectors resulting in less neutron absorption and a
stronger detector response.?® Boundary conditions used were vacuum
top, bottom and right side and reflected on the left.

The model includes radial and axial core regions. The LOFT core
consists of five full-fuel assemblies and four partial-fuel assemblies
in order to simulate an approximate cylinder (Figure 3.4). The first
radial boundary of the model corresponds to the boundary of the
central fuel assembly. The axial regions are modeled according to the
voiding data available from the LOFT facility- Voiding data available
from the LOFT facility are in the form of a so called 'bubble plot’,
which is generated from conductivity probe data.?? The conductivity
probes are located at different elevations in the core and downcomer.
The axial regions were modeled in such a way that every axial region
covers two sections of the bubbdle plot data. Tabdle 3.2 gives the
axial and radial mesh spacing used in the LOFT reactor Model. The
spacing used was found to be sufficient to prevent inaccuracies or

negative fluxes in the discrete ordinates "diamond difference" model.

3.2.2 Cross Section Preparation

A five group cross section set was used in the LOFT small-break
LCCA analysis. Thne five-group cross section set was collapseld fr-om a

123-neutron-group lidrary. The group structure used in this analysis
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Table 3.2B LOFT Axial Mesh Distribution
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{s shown {n Table 3.3. The 123-neutron-group library has a fast group
structure consisting of the GAM-II energy boundaries combined with a
30-group THERMOS structure below 1.86 ev. The 123-group neutron
library 13 {n AMPX master library format.’® The AMPX code NITAWL3?*®
wvas used tOo make a resonance se.f-shielding calculation using the
Nordhe!z Integra. Method treatment.?’ The geometry, dimensions, and
number densities for the various core regions and unit cells were
taken from Reference 28. The core fuel rod unit celli, which {s shown
in Fig. 3.6, was a standard single-fuel-rod transport calculation with
no control rod saterial present. The control rod super cell, shown {n
Tig. 3.7 consists of one control ~od unit cell and four adjacent fuel
cells. The fuel cells were homogenized at the outermost region of the
super ce.l. To account for buckling, the height of both unit cells
was chosen to be the core height. The razlal reflector configuration
shown (2 Fig. 3.2 extendec out to e shield tank water ‘n order to
obtain cross sections for the radla. reflectors, the reactor vessel,
the stainless steel shields, the shield tank wall, the alucinum
neutron window anc the snhield tank water. The number densities for
all tne composi:iions used in this model are gZiven in Tadle 3.<. Cross
sections for the fuel roc¢ uni: cell were generated for 2%, 20%, 409,
62%, 8C%, and '2C% homogeneous void fraction. Crcss sections for the
control rod super cel! were calculated for 2%, 5C%, anc¢ 'JC% voiding.
The conventicnai few-group cross section generat!izn orzcedure ~as
used o0 ~-eate the five-grour 2~0ss sec:ion lidrary. The procedure is
given in Fig. 3.9. The collapsing of :the 1Z2-neutron=grour lidrary
was performed ~itn he AMP( one-dimensional transpors code XSISn2v,.?¢

Af%er the un'!% cell, the super cell and the ~=flector calculations
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TABLE 3.3
LOFT Five Group Cross Section Energy Structure

Group Upper Energy Bound (MEV) rission Spectrum
1 1.4918x10! 0.68976
2 1.0026 0.31024
3 1.1706x10~2 0.0
4 1.0130x10°% 0.0

5 6.5000%10~7 0.0
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Figure 3.5. !~-D model for LOFT fuel unit cell.
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TABLE 3.4

LOFT Reactor Element Number Density

Zone Element Number Density (atom/barn-cm)
fuel rod H 2.55052E-02
0 2.621328-02
B-10 9.46088z-07
B-11 3.83670E-05
Zr 3.70424E-03
V-235 2.71168E-04
U-238 6.45917£-03
Control rod H 1.18L30E-03
(o} 5:92172E-04
B-10 4.39320E-08
B=1i1 1.78163E-C7
Mn 2.75850€E-05
Ni 1.06488E-04
Fe 7-72415€e-04
Cr 2.28364E-04
Ag 8.88704E-04
In 1.69834E-04
Cd 5.33106E-05
Downcomer water B 5.01480£-02
) 0 2.50740E-02
B-10 1.86019€E-06
B-11 7.54369E-06
Core barrel Mn 1.75400E-03
Ni 8.20700E-03
Fe 5.95300€E-02
Cr 1.76600E-02
Vessel Fe 8.47500E-02
Snield tank water H 6.686U40E-02
(o} 3.34320€E-02
Window Al 6.02420E-02
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.62

were made for each void fraction, the individual few=group cross
section sets were combined two at a time using the code NITAWL to
create a five-group microscopic cross section library. The code GIP3?
was then used to produce a five=-group macroscopic cross section

library in DOT library format (binary format).

3.3 TMI-2 Reactor Model and Cross Section Generation

3.3.1 Reactor Model

The configuration of the TMI-2 core is shown schematically in
Fig. 3.10. The core, along with its pressure vessel and concrete
biological shield was simplified to a form which could be handled by
the DOT code. The reactor model of TMI-2, shown in Fig. 3.11, was
based on the model reported in NSAC-28.° The core is separated into
two radial regions. It i{s modeled in this way because there existed
an approximately one-fuel-assembly thick band of undamaged, normal
fuel around the core at its outer periphery. The presence of this
fuel was determined by video and sonar readings taken of the damaged
core.'® Axial divisions in the core region are sized and spaced to
provide more detail in regions of major core slumping and lowest core
water level.

The spacer region is a homogenized representation of the core
liner and the water between the liner and the barrel. This region is
treated as part of the core, il.e., tne void profile in this region is
the same as that in the core region during the boil=-off. The
downcomer region consists of the core barrel, water gap, thermal

shield and downcomer.
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The lower head portion of the model was not {ncluded i{n the
original NSAC-28 model decause the final status of the core was not
completely known at that time. Video scans and sonar readings'°®~!'?
have subsequently shown that the core was severely damaged and
significant amounts of core material relocated to the lower head. The
alir gap near the lower head provides the neutron streaxing path for
the neutrons in the lower head to reach the detector. Analysis has
shown that the fuel {n the lower head provides the dominant neutron
source %0 the ex-core detector response for the damaged core.'®:?®
Hence, it {s necessary to model the lower head portion to understand
the SRM response during the accident. Table 3.5 gives the detailed
axial and radial nmesh intd which the TMI-2 was divided. The model
uses 24336 mesh cells, a nucber found to be sufficient to avoid
inaccuracies or negative fluxes {n the 3ilscre:e ordinates "diamond
difference”™ model.

Boundary concitions used were vacuum on top, Sctiom and right

side of the model an: reflected on :he left boundary.

3.3.2 <lrcss Section Preparation

“he DOT code cal:culations for the TvI-2 acc!ldent analys:is were
aade using a five-group cross sec:ion set. ~he f.ve-group energy
st=uycture, shown 'n Table 2.7 was .se?d bf Argorne Yationa. Latoratory
for their TVI-2 neutronics s:.?y.' The (ntact core element nuzter
Zensities are given 'n Table 3.7. These -~umber densities :‘ncluie

acnerol mater:al and a solutle boron ccncentration of 1260 cpm3.
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TABLE 3.6
T Five Group Cross Section Energy S:ruc:urc9

Group Upper Energy Bound (Mev) Fission Spectrum
) 1.330Cx10" 0.760544
2 3.2085x10"! 0.239295
3 5.5308x10°3 1.80408x10""%
8 1.8554x10-6 0.0

5 6.2493x10"7 0.0




TABLE 3.7
TMI-2 Reactor Element Number Densities

Zone Element Number Density (atom/barn-cm)
Upper internals H 4.6684E-02
0 2.3328E-02
Si 1.1139E-04
Cr 1.9820E-03
Mn 1.7227E-04
Fe 6.6202E-03
Ni 9.7004E-04
8-10 9.36L12-06
Core H 3.1296£-02
o} 1.2652£-02
ir 4.1537E-03
U-235 1.6902Z-04
U-238 6.30695-03
Cd 2.0069E-05
In 4.9802E-05
Ag 4.0576E-0%
B 1.2760E-05
Lower internals H 4y .2330E-02
0 2.1143E-02
Si 1.7520E-04
Cr 3.4250E-03
Mn 2.9856E-04
Fe 1.1440E-02
Ni 1.67632-03
) 8.9400E-GC5
Spacer H 3.7138E-02
o} 1.8534E-02
Si 2.6334E-04
Cr 5.1749E-03
Mn 4 _4875E-04
Fe 1.7195E-02
Ni 2.5195E-03
B 7.8364E-06
Downcomer H 3.9595E-02
0 1.9766E-02
Si 2.2172E-04
Mn 4,3342E-03
fe 3.7783E-04
Ni 1.4477E-02
B 3.36002-02
Vessel Mo 2.7137E-04
Si - 4.2641E-04
Cr 1.2746E-04
Mn 1.1201€-03

Ni 8.1979£-02




TABLE 3.7 (Continued)

lone Element Number Density (atom/dbarn-ca)
ALr N 7.3462E-05
0 2.9378E-05
Lead Po 3.2960E-02
Poly H 5.6350E-03
(o 2.7880E-03
Concrete Al 1.7810E-03
Mg 1.2386E-04
Fe 3.8509E-04
Ca 1.5026£-0%
H 8.6039E-02
S $.3289€-02
C 1.1534E-04
4 4.6052E-04
va 9.6803E-0U
Lower grid plate H 2.3910E-02
0 1.1127E-02
Si S.1353E-08
Cr 1.0552E-02
Mn 8.7253E-04
Fe 3.3531E-02
N{ §.9132€-03
) §.7088E-06
Lower grid i 2.00R0E-02
dis:ridbution plate O 9.9338E-03
St $.5387E-04
Cr 1.08192-02
Mn 9.5038E-04
Fe 3.6138E-02
N: 5.2952E-03
8 §.2161E-06
Lower flow H 2.5879E-02
d.stribution plate ©C 1.2678E-02
S{ 3.6115E-04
Cr 9.0186E-03
Mn 7.8353E-04
te 3.0110E-02
N§ §.3120€-03
B 5.3605E-06
Lower plenua H 5.0837E-02
0 2.5214E-02
Si 3.7710E-05
C- 7.3717E-04
~n 6.4072E-05
Te 2.5623E-03
e 3.6076z-04
B 1.0661E-05

51
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The cross sections were generated from the VITAMIN-E®! 1T4-group
neutron cross section library and collapsed by using the codes in the
AMPX system. The original 174-group library was in AMPX master
iibrary format. This library has separate resonance information for
several elements, including Uranium-238. The code BONAMI?® was used
to make a Bondarenko resonance self-shielding calculation to combine
the resonance and non-resonance data. In these resonance
self-shielding calculations, the damaged fuel was modelled as a sphere
whose radius is the same as that of an intact pellet. This fuel was
in turn surrounded bty shells of cladding and coolant such that the
fuel occupies 63% cf the total cell volume.

The five-group cross section preparation procedure for TMI-2
neutronics analysis i{s slightly different from that of the LOFT
analysis. The procedure i{s shown in Fig. 3.12. The code BONAMI was
used to make resonance calculations because the VITAMIN-E cross
section library can only be handled by the BONAMI code. Unit cell
calculations were performed to homogenize the materials in the unit
cell with void fractions of 0%, 20%, 40%, 60%, 80%, and 100%. No
group collapsing was performed during the cell calculations. Cell
weighting was used in the cell calculations to generate cross sections
consistent with the mockup of a cell configuration as a homogenized
region. One-dimensional radial full reactor model calculations were
performed by XSDRNPM2¢ code to collapse the 174-group cross section
library to a five-group cross sec:tion set with void fractions of 0%,
20%, 40%, 5C%, 80%, and 100%.

To justify the acdequacy of the cross section preparation usec¢ in

tais work, a series of calculations were carried out using the



VITAMIN-E
174 Neutron Group Library

BONAMI
Resonance Calculation

oy
XSDRNPM ! YXSDRNPM

Fuel Cel! Con:ro! Rod Cell

XSDRNPM 1-D Group Collapsing

NITAWL

GIpP

XSDRNPM
Reflector

F.ve Group Cross Section Library

Figure 3.12. Five group cross section !idrarv preparacticn
procedure for the ™I-2 neutronics anal-sis.
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one-dimensional ANISN.code.’z All calculations were performed using
an S,-quadrature set with P, scattering. The calculated results
showed that the total flux at the detector location increased by a
factor of 122 with void fraction of 100% in the vessel using the
174-group cross section library. There was an increase by a factor of
140 using the five-group cross section library. These results
satisfactorily benchmarked the mesh and group structure, thus
indicating that the five-group 2ross section sets were adequate for
this analysis but provide an uncertainty of about 15% in the flux. A
detailed analysis of this uncertainty as well as that origirating from

other factors is included in Section 4.

3.4 LOFT Experiment LP-SB-2

In the above, we have described how the source term
was calculated, how the DOT models were constructed, and how the
neutron cross sections were prepared. Having done these, we can now
calculate the SRM response. To justify the adequacy of the method, we
first applied it to LOFT experiments LP-SB-2 and LP-SB-3. A series of
computer simulations were conducted and the LOFT SRM response
calculated. This calculated response was compared with the observecd
detector response in these experiments. Sensitivity studies on these
simulations were also performed in order to understand the general
dehavior of the detector response. The resulting agreement between
the calculated response and the measured response showed that the

methcd described above was adeguate for the SRM analysis.
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The LCFT experiment LP-SB-2 was a small-break LOCA experiment.
It simulated a three-inch-diaseter pipe break in the primary system
mot leg.'’ In this experiment the primary coolant pumps were kept
operating. This resulted in a homogenized and uniform distribution of
the oocolant for the first 1050 seconds. After that point, flow
degradation set i{n and forced circulation ceased at about 1300 seconds.
Therefore, to evaluate the ~esponse of the detectors, particularly the
source range monitor, a simulation of such conditions was performed
using the method outlined previously for various void fractions. The
results of these calculations are given in Table 3.8, where A, B, C
and D are the detectors of Penn State Non-Invas{ve Liquid
Level/Density Gauge System, and SRM {s the source range monitor. The
locations of these detectors are shown in Fig. 3.5. This table was
constructed using ~oth the startup source and the photoneutron source
cdetailed earlier. Figure 3.135 !s a plot of the zata for the SRM
response based on Table 3.3.

To account for the effec: of density changes on the pnrnotoneutron

source, the effect!ve source Sepr wWaS expressec as

~

cefr * (1 ot a)S,“’ SSl

where

«

_ is the photoneutron source for a non-vo{le: core, a the voil

8

fraction, and Sq the startup source. The te~m {(1-a) {s {ncludec {n
tne photoneutr~on source to account fcr tne reductlon of coolant
dens'ity tnrcugn Ccre voliing. It shcull be notsd that this expression
neg.22t8 the photone.t~cn source in the steam. Sensitivity analys!s

showed n!s to ~e neg.igible even in a highly voided core.
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b et e e e R L

Void Fraction

TABLE 3.8

Normalized Detector Response*

Effect of LOFT Homogeneous Voiding on Detector Response®

A
0% 1.0

! 20% 2.19
f 40% 3.46
60% 4.45

80% 4,72

100% 4,84

B

OOV =N —
NOOoO & 0O
=W &= 00—

SRM

N Eswh -
oOomN E=ENNO
E-20Nn -

c

E 22 WN —
e e

cownnENO

w3 o=

D

1.0

2.20
3.47
4.30
4.51
4.76

* Detectors A, B, C, and D are part of The Penn State Non-Invas!ve
Level Gauge. The source range monitor (SRM) is part of the normal

LOFT nuclear instrumentation.
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Figure 3.12. Calculated normalizec response of installed

LOFT SX™ versus homogeneous void fracc:icn.
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Figure 3.14 shows the response of the installed LOFT SRM during
the experiment LP-SB-2. The experiment began with a reactor scram at
500 sec. The SRM response started to deviate from the normal shutdown
curve at about 900 seconds and reached a maximum deviation at about
1500 seconds. The ratio of the observed count rate to the normal
shutdown curve at this time i{s about a factor of 2.7. According to
the results of the neutronics analysis shown in Fig. 3.13, the core
void fraction at this point is estimated to be approximately 30%.
Cold-leg densitometer readings reported in Reference 33 yield a void
fraction of 33%, in good agreement with the neutronics analysis. A
comparison of cold-leg void fraction obtained from the densitometer
readings and those obtained from the neutronics analysis from 90C to
1500 seconds is shown in Fig. 3.15. Again, the agreement between the
measured data and that obtained from the neutronics analysis is good.

In summary, the results of the analysis of the LP-SB-2 experiment
show that the wvariation in neutron level can be used to obtain
information on void fraction in the core during the forced circulation

phase of a small-break LOCA.

3.5 LOFT Experiment LP-SB-3

Experiment LP-SB-3 was conducted to simulate a cold-leg
small-break LOCA, with a scaled -reak size corresponding to =
1.84-inch pipe diameter in a reference commerc!2l pressurizec w~ater
reactor.??' 3" The experiment was specially designed to achieve
concitions that would allow an assessment cf{ the phenomena associated

Wwith slow coolant toil-off leading to an uncovered core at higr systen
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pressures and the usefulness of steam generator feed-and-bleed as a
@eans of plant recovery froam degraded-core cooling conditions.

Figure 3.16 gives the actual SRM response during the experiment.
As shown !{n the figure, the SRM response started to deviate from the
normal shutdown curve at adbout 1100 seconds. The steady increase in
the count rate indicated an increase in void fraction in the vessel
during operation of the primary coolant pump. The cold-leg densities
@easured in the experiment also indicated that the homogenized two-
phase mixture was pumped dDy the operating primary coolant pumps
throughout the system until the pumps were tripped at 1600 seconds.
The sharp decrease in the SRM response at 1600 seconds was due to the
shutof? of the primary coolant pumps resulting in phase separation
with the voids r~ising to the upper region of the vessel. <he core and
downconoer regions were fil.ed with 1iqQuid resulting in a shielding
effect on the ex-co-e detector- This effect was also odbserved in the
responses of the other detectors (A, B, C and 1).

As pointed out earlier, the SRM response deviated at around 1000
seconds fro= the normal shutdown curve. The deviation cont{-ued until
1600 seconds when the pumps were tr-.-ped. Fig. 3.!7 compares the
calculated void fraction obtained ‘rom the SPM data with that
calculated from cold-leg densi:ometer ~eacings reported in Reference
34. The result!-=g vold Zraction cdta‘ned f-om the neutronils analysis
agrees wel. w!th that obtained from :ne éol:-los dens!{tometer
~easurements.

A: 365C seconds, tne 3RV respornse again deviated {~cz the normal
Sritlow«n response. The deviation -~as due to bo:l-off of the coolan:

causing *he li3uil leve!l O decrease (n both the Ccore and cowncomer
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regions. The level above the bottom of the core during LP-SB-3 was
estimated using the neutronic analysis during the coolant boil off
period from 3600 seconds to S400 seconds using LOFT SRM response. The
neutronic analysis showed that the SRM response increases as water
level decreases. Fig. 3.18 shows the relationship between normalized
SRM response and downcomer water level. Here the downcomer is assumed
to be in hydraulic equilibrium with the core, thus, the core mixture
level is greater than the downcomer level due to the steam voids
generated in the core.

The data shown in Fig. 3.74 was used to estimate the core water
level above the bottom of the core during LP-SB-3 was estimated. Fig.
3.19 shows the water level obtained from the neutronics analysis and
compares it with that estimated from the bubble plot data and
thermocouple data. Zxcellent agreement was obtained with the
thermocouple data. The comparison with the bubble plot data is also
good except for the period between 4700 to 5400 seconds where it is
pcor. The disagreement between the bubble plot data and neutronics
analysis for times greater than 4700 seconds is believed to be due to
uncertainties in the bubble plot data rather than neutronics study.

Nonetheless, the analysis of the LOFT source range moaitor
response shows tnat the SRM response can be explained in terms of
level and density changes in the core. 7o further demonstrate this,
the SRM response for L?-SE-3 was simulated using the estimated void
fractions obtained from colcd-leg densities and the estimated core
water level obtained from the core thermocouples. The resulting
response ottained from this simulation anc the actual SRM response are

compared and shown i{n Fig. 3.20.
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In conclusion, the application of the present calculational
method to LOFT experiments, LP-SB-2 and LP-SB-3, shows that the method
gives satisfactory simulations of the actual detector response, and
lends credence to the calculational method that is further used to

analyze the SRM response during the TMI-2 accident.



<. RESULTS OF ANALYSIS

AS descridbed in section 2, the SRM response during the TMI-2
accident has dbeen analyzed by a number of researchers.'~?:’.° Using
the aciua. SRM response data, these analyses interpret the core status
during the accidgent. For example, wate- levels during the first 174
minutes {nto the acciden: have been estimated by use of this
information.’ The SRM response from 17+ to 225 minutes and beyond
have not, ~Oweve~, Deen neutronically analyzed {in detail. It s
believed that a core reconZ.guration could have occurred during thi.s
time period.® Therefore, the S3“ response from ‘74 to 225 minutes
{s likely to contain i{nformation relative to the core reconfiguration
curing the accident. Since previous work has shown the count ~ate to
De very sensitive 0 ne presence Oof fuel {in the lower head, such &
reconf.guraticn shouls 2ifest ltselfl (n the SAM count rate.

A series 0f neutronics calculaticns using the caliculational
aethod desc-ided in section : were zade O estimate core w~ater levels
anc¢ 5 evaluate the hypothesis of the fuel relocation during :he
accicent. Calzulations were performed in an effor: 10 descrite the
changes of :ne count rate ‘- the SRM response ‘-~ the period from 3°
%0 225 minutes alter snutdown. Fr-cz these -esults, a possicle
explanation Zor tne ctserved -~es;onse cl tne getec:o~ and the
scniitions ¢ the ccre were then '~lerrel. This analrs!s used as
incit tne scenar.c gdescrited (n Sectlon . It thus serves &
Lencn-zask and amplify tnis scernar.:c.

The do=inant ~e.t=cn SC."7es that <ere present in tne TVI-=2 Icre

guring ne f.~s% 3 ncurs of the accident <ere onotoneut~ons anc the
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Americium=-Beryllium=Curium (ABAC) start-up sources.® Originally,
there were two start-up sources in the T™I-2 core, each with an
estimated strength of 1.4x10° n/sec. The photoneutron source was
obtained for different times during the accident by the calculational
procedure described in subsection 3.1. A five-group cross section
library was collapsed from the VITAMIN-E 1T74-group cross section
library. The DOT model and cross section preparation procedures were
described in subsection 3.3. The transport calculations utilized the
P,/S, approximation.

To make maximum utilization of the knowledge learned about the
accident, the SRM response was not analyzed chronologically. Since
the SRM response showed normal readings at the beginning of the
accident, the response before the attempted restart of a B-loop pump
(i.e., for t < 174 minutes, where t is the time after the reactor:
shutdown) was analyzed first. Then, the knowledge about the end state
of the reactor learned from recent defueling work and analytical
Studies was used to analyze the SRM response from t = 225 minutes
backward to t = 174 minutes. The procedures of the present analysis
are summarized in Fig. 4.1, where the calculational sequence of the
observec SRM response, the reactor conditions and/or system event on
which the calculations were based, and the parameters/quantities
determined from each calculation are given sequentially. This figure
2lso outlines the rationale for the present analysis. In the
following subsections, the details of these calculations and their

results are described.
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«.1 Homogeneous Voicing ucce! ¢ (¢t ¢ 00 Minutes'

One-dimensional (1-D) ANISN'? calculations were used to determine
the effect of homogeneous voicing on the source range monitor in the
time period from 30 to 100 minutes :nto the accident while the primary
coolant pumps were operating. The one-dimensional ANISN model {s
given in Filg. ~.2.

The percent voided coolant number density used in this and all
.ater calculations is that of saturated 1liquic at the prevailing
prizary systes pressure. The bdboron concentration was kept fixed at
1260 ppaB.

Figure 4.3 shows the TMI-2 SR™ response and the calculatec normal
shutdown curve 7o~ the first 240 minutes into the accident.' Tne
calculatec normal shutcown curve 7as normalized to the observed
~esponse as ‘ollows. A normai shutdown curve was generated using the
power nistory and shutdown data for T™MI-2 and the OJRIGEN computer code.
In order :c ver:Zy the accuracy of the calculated curve, this curve
was fi-st compared with the cata from a shutdown of TMI which occurrec
a week earlier. The calculated curve was then compared with the TVI-2
accident Zata as excracted from the strip chart cata.’®:** I: was
found that asice from a constant mu.tiplication factor, the
theorezica. shutdown curve tracked tne ac2ident cata up unt’. aboul

furthermore, tne polint at

s
'

)

20=25 z=inutes into the accicent.
Sinutes was ‘cung O agree with tne calfulated curve when nuierizal
Jncerzalnties In the calculation were accounted ‘cr. These
2oTzaAri=ons srcvizied a calidraticn or normallization factor for use In

cczsasing the actual and calculated or predictied SEM response
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throughout the accident. The agreement between the calculated curve
and the accident curve at 103 minutes confirmed the assumption that
when all the primary coolant pumps were tripped at 100 minutes,
essentially complete phase separation occurred. The phase separation
caused the core and downcomer to be temporarily filled with water of
very low or no void fraction. The SRM sensed the normal hydraulic
condition in the vessel at this moment.

Prior to the time the primary coolant pumps were tripped after
the reactor shutdown, the SRM response began to deviate from the
normal shutdown response at between 20 and 25 minutes. This was
apparently caused by flushing of water containing voids into the
reactor vessel. For the purpose of this study, the voiding during
this time is assumed to have a homogeneous void distribution in the
vessel.

A summary of the one-dimensional calculations performed to
examine the effect of homogeneous voiding on the SRM response is shown
in Fig. 4.4. Two types of neutron sources, namely photoneutrons and
the start-up source were used in these calculztions. The strength of
the start-up source was kept constant throughout the calculations,
because the half lives of the radionuclides are much greater than the
time period involved. The strength of the photoneutron source was
time dependent and was decreased by a factor of (i-a) as the vecid
fraction e increased. The energy spectra, as shown in Tabie 4.1, of
these two sources are Guite different. Most c¢f the neuirons from the
start-up source are born in Group 1, whereas most of the photoneu:trons
are bora in Group 2. Tne importance of the start-up source Lo :tne SEM

response then cdepends on the relative strength of the start-up source
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TABLE 4.1

Energy Spectra of Photoneutron Source and Start-up Source

Upper tnergy

Group Bound (MeVv) Photoneutron Start-up Source
1 1.0000 x 10! 4.66 x 10°° 0.97442
2 8.2085 x 107! 0.999534 0.02558
3 5.5308 x 107° 0.0 0.0
y 1.8554 x 10°¢ 0.9 c.0
5 6.2493 x 1077 0.0 0.0

.
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as compared -i:n the photoneutr~on source. Hence, the homogeneous
voiding calculations were performed with the start-up source strength
kept constant and the photoneutron source strength at 30, 60 and 100
rinutes {nto the accident, respectively.

Based on comparison with actual SRM data,'':’'® the observed
~esponse was about ‘4 imes higher than the normal shutdown response
2ust before the loop=A pumps were :-.pped at adbout 100 minutes {ato
the accident. From the neutronics analysis using the homogeneous
model, It {s estimated from Fig. 4.4 that the core was approximately

45% voiced a: this time.

~.2 Initial Core Heat-Uz Response (100 ¢ t ¢ 174 xin}

The homogenecus void:ng calculations are applicadle to
approxizately the first 10C minutes into trhe accident when ne primary
coo.ant Fumps remalned in operaticn. After the pumps were stopped,
the coolant !n the core continued to boil, resulting in a lcss of tne
coc.ant and theredy reduc:ing the waier levels {n the core and
downcoaer. Since dciling s assured not tOo occur in the cowncomer
reg.ca, the Zowncoaer water ievel is lower than the core w~ater level
<nen tne core s uncovered (see “igure %.5). Thus, the partially
exztie? downcomer prov.des an unsnhieldec s:reacing path c? varying
size for the ~euwrons tO leak out cf the core.

A series Of Twe-1imensiona. calculations were rerforzec 0
Zeterz.ne tne effec: :-7 water .eve_ changes (N lne TO~"e ang ITwnecre-
sm the S3v -esponse. The wo-dimensiona. (2-), 3-I cylinirical =odel
snsem in Tig. 3.°') was used for core uncovery and fuel relocation

ana.yses.
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A model of the core void fraction distridbution as a function of
axial position was obtained from NSAC-28.' This model expressed the
core void fraction in terms of the height Z, adbove the dottom of the

core, as

a(Z) = 0.085 « 0.024 2 » 0.066 exp(=-(2-0.9)/1.3) for 252 fr, (4.1)

«J for lc2 e,

wvhere a {8 the core void fraction and z i{s in feet. The average void
fraction {n each core region was calculated by integrating Eq. (4.1)
over the height of each region and then dividing dy the height of the
region.

I?2 the core vaid fraction odbtained dy the above procedure and no
voids are assumed in the downcomer, the hydrostatic pressure ba.ance
Setween the core .:!3juld and the downcomer l1i3uil requires a one-to-one
correspondence dbetween the two water .evels, The various core water
levels and the corresponding downcomer waier levels are given in Table
4.2. The calculated core zultiplication factor for each core water
leve. i3 also given in the :able.

Two-dizensiona. calculations were performed fcr various core
water levels from fuil (365.76 cm) to 30.48 o= () rfoct) above the core
bottom with the photoneutr:rn ssurce strengsh at ‘00, °*&4C anz2 174
zinutes, mespectively. The cal-ulate? res.lts are shown (n Fig. <.5.

The results shown {n Flig. 4.5 indicate zha: wne S?v ~esponse
«¥2.11 iacrease Dy a faccor of adout 1 whea the core !s firs:
Jncovered. The odbserved SRV response :u~i{ng the TVI-2 accicent,

as snown !n Fig. 4.3, {ncreased -y a factor of about 1 at atout 10



TABLE 4.2

Relationship Between Water Level in the Core and
Water Level in the Downcomer
Core Water Level Downcomer Water Level
Above Core Bottom Above Core Bottom Kere
(em) (cm)
365.76¢# 300.84 0.9180
304 .88 257.59 0.8850
243.84 212.54 0.8842
182.88 164,59 0.8838
121.92 113.90 0.8758
91.44 87.63 0.8696
60.96 60.96 0.8247
30.48 30.48 0.7776

* Top of the Core
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minutes into the accident. This observation suggests that core
uncovery occurred at tﬁis time. Based on the previously mentioned
assumption, this result agrees with the prediction of the thermal
hydraulic analysis.?

The calculated results were used to estimate the water levels
during the period of 100 through 174 minutes. The estimated core
water levels are compared with predictions of the thermal hydraulic
analysis in NSAC-242 and the previous SRM analysis in NSAC-28° in Fig.
4.7.

The water level estimated in this work was about 91 cm (3.0 feet)
above the bottom of the core at 174 minutes just before the B loop
pump was turned on. However, it is believed that the.actual water
level was probably lower. The above analyses were based on an intact
core geometry and no core damage was assumed. According to a thermal
hydraulic analysis, control rod materials could have begun to melt and
flow downward at about 145 minutes into the accident.'® Based on a
sensitivity analysis performed as part of this work, a partial absence
of control rod material in the core region would cause the neutron
multiplication to increase and the SRM response to correspondingly
increase. Hence, the water level should be lower in order to
compensate for the increase in the SRM response due to a decrease in
control rod materials. A more detailed discussion will be presented

in the next subsections.



5.9
o
s
- 3.0
®
b4
«Q

Coro Watour
(¥ )
Q)

85

-
=+=c-= ! Present ana.vsis wi:: inctac:t core corfiguration
3
!
[}

{
c.o ! ' . ' .
20 220 2o e .SC 60 120 -80
Time afzer Trio, Miauzes
Figure 4.7. I<:zipnated water level above the bo:ttom of the core :fcr

T™™MI-2 during core uncover:.




4.3 Core Relocation Analysis (t = 225 minutes)

The increase in the SRM response at 225 minutes into the accident
is believed to be due to the relocation of the damaged core while
reaching its final status. The end-state conditions of the damaged

° Hence,

core are known and have been modeled appropriately.’
performing the analysis backwards from 225 to 174 minutes should be
the better approach to analyze the SRM response in this time period.

The known post-accident end-state of the damaged core is shown in
Fig. 4.8. About one-third of the original fuel in the upper core
region is no longer there; a voided cavity was formed in this region.
A rubble bed is resting on top of the existing core with about 10 to
20 tonnes of fuel residing on the vessel bottom.*

In earlier work, the end-state conditions of the damaged core
were modeled to analyze solid-state track recorder neasurements of
neutron levels in the air gap of the TMI-2 reactor.!®:3° This
analysis predicted the presence of fuel in the lower head with the

best estimate of 10 tonnes.?®®

The prediction was in fact subsequently
confirmed by video inspection of the lower head. The model used is
given in Fig. 4.9. The underlined numbers denote the fuel volume
fraction i{n the region. The normal fuel volume fraction in the TMI
core i{s 0.31., The ratio of the volume of clad, structure, control rod
material, etc. to the volume of fuel in all damaged fuel zones :is
always set equal to that of the intact core. Ccclant at 90°F and
atmospheric pressure with 3300 ppm Soron was placed in the volume of

the fuel containing zones not containing solid material. This model

was used as the first step to analyze the SRM response at 225 minutes.
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However, the caiculated SRM response based on this model was too high,
compared with the actual response at 225 minutes.

Using this 2-D end-state DOT model which had about 10 tonnes of
{uol in the lower head and noting that both the core and the downcomer
were coapletely filled with water (with no voids) at this time, the
only variable i~ calculating SRM response was the amount of control
rod materials in the lower head. It was also noted from our previous
study®® that the neutron source existing in the lower head makes the
doainant contribution to the SRM response at that time, and that an
increase :(n the conirol rod materials in the lower head could reduce
the SRM ~esponse. Hence, a series of calculations were then performed
that used the model shown in Fig. 4.9 with different quantities of
control rol =aterials in the lower head. when the calculated SRM
response was compared with the actual read!ng at % > 227 minutes
(point N {n Fig. %.3), 1 was deterxmined that adout 80% of the control
roc material would have relocated to the lower head. The calculated
results also showed that the jump in the SRM resconse at 227 minutes
could be explained by this relocation of 10 tonnes of fuel at that
cine.?*

As 2iscussed i{n the following section, the control ~od material
a.grated slowly from the core. This =m.gration dbegan early on !n the
accizent (at about ‘2T =!nutes) as soon as the temperat.res r~eached

tne zelting point 27 the eutectic Ag-In-Td control rod material.

.« Pump Transient a=* =" I° Indection (17& < t < 200 Vinutes)

The nex: step was to determine :he core status a: 200 minutes



into the accident when the High Pressure Injection System (HPIS) was
initiated. Since the TMI-2 ex-core detectors showed nearly the same
behavior during the time period of 174 to 200 minutes as during the
period of 100 to 174 minutes, further fuel relocation probably did not
occur during this period. Hence, the physical configuration of the
fuel and core structural material at 200 minutes is believed®’ to be
the same as that at 174 minutes just after B-loop pump was turned on.

The zircaloy cladding in the upper region of the core is believed
to have become highly oxidized and embrittled by 174 minutes just
prior to start-up of the B-loop pump.!® Turning on the B-loop pump {s
thought to have thermal-shocked and embrittled the fuel rods. This
shock could shatter the oxidized fuel rods in the upper core region
and result in a debris region. Fig. 4.1C shows the core confgguration
as it is thought to have existed after 174 minutes. The corresponding
DOT model is shown in Fig. 4.11. The underlined numbers in each core
region give the fuel volume fraction in that region.

At 200 minutes, initiation of the HPIS pumped water into the
vessel and shortly thereafter filled the downcomer region. The effect
of this filling can be seen as region L of Fig. 4.3. Several core
water levels and different amounts of the control rod materials lost
from the core region were assumed to determine the possible status at
this poiat. 1In this analysis, the control rod materials were
arbitrarily placed in the lower head. This was done to properly
account for observed SRM response at 225 minutes. The calculated
results are given in Fig. 4.12. Here, the vertical axis is the ratio
of the SRM response to that of a full core with the geometry in Figure

4.11. As shown in Fig. 4.3, the observed SRM response just after the
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HPIS refilled the downcomer (i.e., the point at the beginning of the
labelled region M in Fig. 4.3) was a factor of about 5.3 larger than
that of the normal shutdown value for a core as given in Figure 4.11.
Figure 4.12 shows that the water level could be in the range of 38 to
61 cm above the bottom of the core with 60 to 80% of the control rod
materials in the lower head just after initiation of the HPIS.

Since initiation of the HPIS pumped water into the downcomer, the
physical geometries and water levels in the core should be the same
Just before and after the HPIS was turned on. Since there could not
be an instantaneous change in core water level, the only difference
between those two points would be the downcomer water level. The
downcomer was assumed full and the water level in the core was assumed
to be the same as that in the core before the HPIS was turned on.
These calculations were then repeated with an emptied downcomer to
simulate the status just before the HPIS was initiated. The results
of the calculations are shown in Fig. 4.13. As shown in Fig. 4.3, the
-observed SRM response just before the HPIS was turned on (i.e., the
point at the beginning of the labelled L region) was larger by a
factor of about 70 than the normal shutdown value for a core as
configured in Figure 4.10. Figure 4.13 shows the possible status at
this moment. The core water level could be between 42 to 61 cm with
30 to 80% of the control rod materials absent from the core.

For the reasons stated in the preceding paragraph, in order to
have consistent count rates both before and after the HPIS was turned
on, the core water level and amount of control rod material in the
lower head must satisfy both the curves in Figure 4.12 and the curves

in Figure 4.13. Namely, the observed SRM count rates at both the
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beginning of region L and the beginning point of region M in Figure
4.3 provide two conditions for uniquely determining the two variables,
1.e., the core water level and the amount of control rod material in
the lower head.

A comparison of the curves in Figs. 4.12 and 4.13 shows that an
intersection occurs at the water level 46 cm (1.5 feet) with 70% of
the control rod materials in the lower head, as shown in Fig. 4.14,
These calculations suggest that at 200 minutes into the accident the
core configuration would look similar to the model shown in Fig. 4.11
with the water level at the height of about 46 cm above the bottom of
the core and with about 70% of the control rod materials in the lower
head.

The last step was to analyze the core status at 174 minutes just
before and after the B-loop pump was turned on. Since it is believed
that the zircaloy cladding began to melt at about 150 minutes into the
accident,'® the molten zircaloy would react with the UO, and dissolve
some of the UO, in the 1liquid zircaloy. Molten zircaloy and liquefied
fuel would then flow downwards, freezing near the coolant surface in
the lower portion of the core. Fig. 4.15 shows the estimated core
configuration at 174 minutes just before turning on the B-loop pump.
The corresponding DOT model is shown !n Fig. 4.16. Again, the
underlined numbers denote the fuel volume fraction in the region.

A series of calculations that used the model shown in Fig. 4.15
were made to determine the water level just before the B-loop pump was
turned on. These calculations assumed 70% of the control rod
materials in the lower head, which was the number obtained from the

analysis of SRM response at 200 minutes, with different water levels
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in the core region. The calculated results showed that the water
level at this moment Qas about 61 cm (2 feet) above the bottom of the
core.

After the B-loop pump was turned on, slugs of water were pumped
into the vessel. It was estimated that about 1,000 cubic feet of
water could have been pumped into the vessel.? This volume of water
would be sufficient to fill the downcomer. However, the flowmeter in
the hot leg showed that the pump operated efficiently for only about 9
seconds and then began to pump steam voids into the vessel. Hence, it
is believed that the downcomer at this moment was not compietely
filled with the fluid, and in fact should contain some voids.

The model shown in Fig. 4.10 (with core water level at the height

of 61 cm (2 feet) above the bottom of the core) was used at this point.

Calculations were then performed by the authors to determine the
coolant status, {.e., the void fraction, in the downcomer. The
calculated results show that about 14% of voids existed in the
downcomer just after the B-loop pump was turned on.

Fig. 4.17 summarizes the water level as determined by this study
and compares it with those given in NSAC-24 and NSAC-28. This figure
shows that the NSAC-24 results tended to overestimate the water
inventory during much of the accident when compared with the
neutronics studies. The reason for the discrepancy is not known, but
it may be due to assumptions made in the !SAZ-24 analysis on make-up

flow during the accident.
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4.5 Uncertainties

A key point ;emaining to be addressed is what i{s the uncertainty ‘
associated with each of the parameters determined from this study. To
quantify these uncertainties requires that the adequacy of the
methodology and the validity of the assumptions be addressed. In this
section, estimates of the uncertainties relating to void fraction,

level, and time of fuel relocation are developed and examined.

4.,5.1 Void Fraction Uncertainty During 0 < t < 100 Minutes

To assess the uncertainty in the homogeneous void fraction
estimates during the first 100 minutes, a comparison with LOFT data
was conducted. Experiment LP-SB-3 essentially duplicates the TMI
accident, including both the pumped homogeneous void formation period
(t < 100 min) and the core uncovery period (100 < t < 174 min) but on 4
a somewhat different time scale.’*~'“ Since both density and level
data are available as well as a transport analysis of the LOFT SRM
response, this comparison allows for experimental verification of the
method and assumptions and an estimation of the uncertainties.

Fig. 3.17 shows a comparison of the calculated cold leg densities
obtained during LOFT experiment LP-SB-3 from gamma densitometer data
with that obtained from analysis of the LOFT SRM response.

Examination of the data in Fiz. 3.17 shows that the neutronics
analysis tends to underestimate the void fraction by varying amounts.

For the periods around 1100 seconds and 1600 seconds, the neutronics
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analysis underestimates .he neasured void fraction by about 15%3. For
the period around 1300 seconds, there s very little discrepancy
between the measured and calculated densities. This suggests that the
neutronics analysis introduces an error of between 0 to 15% in the
void fraction estimates.

To understand the origin of the error, the 1-D Standard Light
Water Reactor Problem’® was used to calculate the response of a
hypothetical TMI detector (the standard problem does not include such
a detector). The prodblem was first run using the very fine neutron
energy @roup structure of VITAMIN-C.'® This group structure consists
of 7' neutron energy groups. (Cross sections for the problem were
also generated using the VITAMIN-C library.

The same ca.cula:ion was then performed using the five neutron
energy groups descrioed in Section 3.3.2. Both the fi!ve group
response and the f.!ve group prodlem were done wit. _%? voiding ‘n the
ccre and downcomer. The calculations were then repeated for void
fractions c? 208, 5C% and 80%. Each of these resu.ts were normalized
to the °% void fraction case for doth the S-group and :trne 171-group
cases. Since !t was thought that the most likely cause of =he
uncertainty was in the use of only five groups, the (Y,n) source in
the water was omitted. The results are shown in Table 4.3.

fxamination of the resul:s {n Table 4.3 r~eveal.s that :he 5 group
ca.cu.ations overest.mate the count r~ate Zor a given void fraction
compared with the 71 z--up calculation. The effect of this
cverestloate on ne estizatel volc fraction would dbe to unie-~estimate
the void frac::on. A review cf the radlal fl.x profiles ca.culated

using zne 5 group “liux shows that the 5 group calculat.ons



TABLE 4.3
Relative 'SRM Count Rate vs. Void Fraction
for Standard Light Water Reactor Problem

Void Fraction Relative Count Rate
(%) 171 Group 5 Group Difference
0 1 1 -
20 2.89 3.44 19%
50 17.9 26.7 49%

80 202 329 63%
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underestimate the total flux at the detector for 0% void fraction when
compared to the 171 group calculation. At progressively higher void
fractiona, the underestimate decreases. Thus the relative change i~
SRM response for a given change in void fraction is larger in the S
gToup case than in the 171 group case. It appears then that the major
source of uncertainty in the void fraction estimates is due to the use
of a coarse 5 group energy structure.

Sased strictly on the results of these 1-D calculations, the
underestimate at 50% void fraction could de as much as S0%. The LOFT
results froa experiments LP-SB-3 and LP-SB-2, however, do not support
this large an uncertainty.

A -ore reasonabdble approach to estimate the uncertainty i{s to
coz=pa~e L_CFT 2ata with estimates of the void fraction during the
experiments as ceernine2 from the SRM response. If one examines Fig.
3.17, cne fincs that the predicted void fraction at 1600 seconds jus:
pris= to tripring of the LOFT coolant pumps is adout S9%. The
neutroni:s analysis ylelded a value of 5:¢% which s adout 9% lower
than the measured value. Since the saze assuamptions and me:hods were
applied to analyze the LOFT data as in the TMI analysis, the
uncer:ainzies shoull be of the saze orcer. At a comparatle point
during tne TVI accident (00 min), it was stated {n Sec::icn <.1 that
tne maximum homogeneous voi3l fracz:.cn ‘n the TVI core w~as «5%. Using
the esti=ated uncer~:ainty developed f-~om LJFT, the TMI vold frac:ion
CO..2 nave cee~ as ni3n as 329 at two sigma {.e., 3L conflidence
level.). 3ased o~ this a:.roach, the maximuz void f~action curing :ne

accizent #ou.?: *ren de 457 slus 9% and ~inus J%.
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4,5.2 Level Uncertainty

Fig. 4.16 shows the water level as determined by this study
compared to that quoted in NSAC-28* from analysis of the SRM response
and that determined from a thermal hydraulic analysis described in
NSAC-24.2 To estimate the uncertainty in this analysis, the results
of calculations to estimate core water level during the LOFT
experiment LP-SB-3 were compared with the measured LOFT vessel water
level as determined from in-core thermocouples and conductivity probe
data. Fig. 3.19 compares the vessel water level determined from the
neutronic analysis with the measured values.

The largest disagreement occurs at 4000 seconds, shortly after
the core begins to uncover. At that point, the neutronics analysis
Suggests a water level of 170 cm, compared with a measured level of
150 cm, about 13% too high. Once the water level has dropped tc the
core midplane, there is very little (< 5%) disagreement between
calculated water level and the measured level determined using the
thermocouple data. The bubble plot data suggests a somewhat larger
uncertainty, particularly near the end of the transient. For example,
at 5000 seconds, the level based on the bubble plot data is about 40
cm compared with 20 cm as determined from the neutronics analysis. It
should be pointed out, however, that the conductivity probes are
thougnht to be considerably less precise than the thermocouples.“® As
a result, a better indication of the error is obtained by comparison
with the thermocouple data. Based on this comparison, the error in
the water level is nmost likely no greater than about plus '5% and

minus 0%.

iJ0
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Referring to Filg. 4.17, one finds that- {ncluding an uncertainty
of 1538 in the water level determined by this study brackets dboth the
NSAC 28 and NSAC 28 estimated water level at 174 minutes. When the
water level is near the core midplane, the NSAC 24 falls outside this
uncer:ainty. There the NSAC 24 thermal hydraulic analysis ylelds a
water level considerabdly higher than either the NSAC 28 results or :he
findings of this work. The source of this cisagreement is unknown.
Since the LOFT results are reproduced very well at a comparadble point
in the LP-SB-3 experiment, one might suspect an error in the thermal

hydraulic analysis of NSAC 24.

4.5.3 Fuel Relocation Analysis

in Section 34.3, it was statecd that the core relocated to the
lower head at 22° =in, producing the sucdder adbrupt increase in the SRM
response ~ecorded at that time. This hypothesis was dased on severa:.
factors. The first involved the na:ure of the change !n SR response,
the second involvec the nature of the reactor systen pressu-e anc
incore i{nstrumentation response, and .astly, the resul.%s of the
degraded core therma. analysis suggesting :ne cegraded core to have
occurred by 224 minutes as well as neutronics calculations assuming a
Jamaged core.

T™he S?“ response increased by a factor of at leas:t two it 224-225
=in. This asrupt shif: {n SRAM response coincided witn a sudden
increase !n the --imary system lemperature and pressures. A variety Oof
causes have deen postulated for =h'!s event, ‘ncluling loss of one or

aore coni~cl rods from the core, massive fuel /clad cazage resulting in




fuel compaction, and movement of fuel material into other regions of
the reactor vessel.’®

NSAC in NSAC-28° discounted the first of these hypotheses since
their analysis showed that the loss of all control rods would produce
only a 60% rise in SRM response. They also discounted the second of
these possible causes based on 1-D ANISN calculation of the core
multiplication. Their results showed a decreasing multiplication
factor with increased fuel volume fraction. These results are in
conflict with those found by B&W.“' The B&W analysis found that keges
would increase with increasing fuel volume fraction until a volume
fraction of about 0.45 was obtained (nominal fuel volume fraction is
approximately 0.3).

To resolve the discrepancy between the B&W and NSAC results, a
series of models were constructed in which the core was compacted to
varying degrees. The results of these calculations did not indicate a
doubling of the SRM response. Only when the fuel was relocated to the
lower head were increases of that order obtained. The only similar
changes in SRM response were those produced when the core or downcomer
were suddenly flooded. In those cases, the SRM response dropped
abruptly. To obtain the sudden upward jump in SRM response as
observed would require nearly thé entire downcomer to suddenly empty
and remain empty. Since such an event is extremely unlikely and
inconsistent with the observed hydraulic data, it can be readily
discounted.

3ased on these results and those of NSAC, the only plausible

cause of the SRM jump is in fact fuel relocation between 224-225 min.

AVO



S. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The source r-ange xoni:or response during the TMI-2 accident was
analyzed by incorporating the knowledge learned about the end state of
the damaged reactor from recent studies and correlating the known
systea events during the accident to the SRM response. Many crucial
parazeters relative to the core conditions and coolant status were
Quantified in the present neutronic analysis providing benchmarks for
the developasen: and verification of a best-estimate accident
progression scenario.

Based on the present analys'!s, the ‘nterpretation of the SRM
response 2u~ing the fi~st U4 hours of the accident 's as follows.

The observed SRM ~esponse dbegan to deviate ‘rom the normal
shutdown response at about 25 minutes afier shutdown. This is due to
buildup of tne voiis ‘n the core anc downcomer regions. As time
elapsed, continuec loss of the primary coolant through the failed
diock valve ied to the increased voi: fraction and increased SRM
response. 2t 100 minutes, just before the A-loop primary coolant
pumps were turned of?, the void fraction {s estimated to be abdbout u5%
< 9 and -3% in the vessel dased on tne neutronics analysis.

Turning off the A-lo0p pumps causec a separation 17 voizs to the
dpper regions of tne vessel. Since the coolant =mass inven:idry was
suffisient to cover >he cocre and downcoxer at tni{s pcint, the ccre and
2ownconer were fillled with water. Therefc-e, the S2M sensec 3 n~ormal
ther=a. hydraulic conc:ition and {ts ~esponse dropped to a norma.l

g ilicwn response.
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As the water continued to boil off, the downcomer water level
dropped to a level 1owér than the corresponding two-phase mixture
level in the core due to static pressure equilibrium. The emptied
downcomer region then provided an unshielded streaming path for the
neutrons to leak out of the core and caused the SRM response to
increase. The core probably began to uncover at about 110 minutes
into the accident when the SRM response showed an increase by a factor
of about 11,

The leveling off of the SRM response at about 140 minutes was due
to the shielding effect being counter-balanced by a decrease in the
neutron source caused by a reduction in neutron multiplication as the
core uncovered further. At 174 minutes just before the B-loop pump
was turned on, the zircaloy cliadding in the upper region of the core
should be highly oxidized, setting the stage for subsequent
embrittlement when cooled. A molten zone of zircaloy and liquefied
fuel would exist in the central region of the core. The water level
was about 61 cm (2 feet) above the bottom of the core and about 70% of
the control rod materials should have been removed from the core.

Turning on the B-loop pump at 174 minutes shattered the oxidized,
emorittled fuel rods in the upper core region and resulted in a debris
region with a voided cavity overhead. The downcomer was filled with
water containing about 14% of voids. The SRM response decreased by a
factor of about 10 at this moment. Thereafter, the downcomer water
flowed into the core regien and was boiled off. The SRM sensed a
decrease in the shielding effect and the response increased again.

At 200 minutes into the accident, initiation of the HPIS filled

the downcomer and caused the SRM response to decrease by a factor of
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about 'F. At 225 minutes .nto the accident a portion of the mol:en
zone in the center Of the core apparently broke through the
surrounding crust and about 10 tons of the molten fuel materials
relocated to the lower head.

S8ased on the es:imated progression of the accident, the SRM
response for the first 225 ainutes during the accident can then be
reconstructed. The dest estimate SRM response using the neutronics
analysis !s shown in Fig. S.1. As can be seen by comparing Figure S.!
with the observed SR™ response shown in Fig. 4.3, all the major
features of the response have deen accounted for. It is noted that
the above !{aterpretation developed from an analysis of the SRM
response .s consistent w'ih the accident scenario envisioned by the
Accident Evaluation Program o7 the JOE. This study thus provides a

sem.-independent ver.Zication of the ;ostulated scenario.

S.2 Recommendations

an!ile the work reported ne~e corrects a number of shortcomings {n
previous studies and includes knaowledge only recently available, there
still ~emain a number of .~resclved Gques:ions. For example, wna: 's
the effect of a varying level !n the core bypass region on S3™

~eszonse? In this anc a.. previous stucies, :tnls region was
homcgen'zed with the nc-mal :ore r~egion. Thomas"? nas suggested :na:
the 2~ore dypass region ~il1 1ot nave tne sacze .evel as the cc~e dut

ratne” ~..1 act more li«e tne Jowncoder. [etai.ec ~ycraulic stuliles

are required to reso.ve --.s -!screpancy.



T
Q
‘ s
@
~
&
(&)
S
3 o=

Figure 5.1.

60 120 180

Time After Shutdowvn (Minuctes)

Estimated SRM response during the TMI-2 accident.

2

i~

112

0



Furthermcre, this study analyzed the SRM response for only the
first 225 min. of the accident. A numder of features occur {n the
SRM response deyond this time period and have as yet to be adequately
explained. For example, the clearly increasing SRM count rate from
5-'S hours 4ith the subsequent decrease over the next 15 to 30 hours
.see Figure 1.2). This longer term ~esponse was !{nitially thought to
be due to release of fission products to the coolant. Recent
inspection of the damaged core shows that considerable material
relocated outwards from the core into the core former region. It {s
possidle that the longer term SRM response might de explained by that
ajigration. Another point concerns the cooladbility of the fuel in
the lower heac. This study assumed a homogenized fuel water mixture
in *he lover head. It {s known, however, that the fuel is compacted
{n1to a rougnly eylindrical volume. Attempts to incorporate this
compacted iower plenum fuel material (=5 the study produced
anomalously low count rates. This suggests that further !nformation
zay be availadble in he SRM response regarding the actual fuel
configuration at this point {(n time.

Finally. tn!s study concluded that the control rod material began
aigratiag from the core near :he beginning of the core uncovery phase.
One qQuestion worthy of examination concer~ns the possibilizy of
recrizicality 2iring reflood at that time. A reflood woul.2 (avolve
the :injeczion of highly borated water into a semirodless core. Tes:s
nave sShown %-at the =-oron may precipitate oul 07 the resulting stea~
water mixture in the core region, effectively lowering the boron
Sontert in the core reg.o~ be.-< that otherwise anti{cipated. Another

Question that should e aciressed concerns the amount of con:rol rod
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material in the core as a function of time and its effect on
recriticality under a postulated reflood.

Data is also available from the other nuclear instrumentation.
For example, the intermediate range detector data reported in NSAC-1
shows definite structure. Some of the structure parallels that seen
in the SRM data, whereas some does not. Previous work by the authors
of this work has shown that the detectors are sensitive to azimuthal
asymmetry in the source distribution. As a result, correlation and
analysis of the intermediate range data as well as the limited data
available from the other SRM may provide some information on the
asymmetry of the core damage progression.

Future work should address these areas of uncertainties relative
to the TMI-2 accident in crder to improve our understanding of the
core damage progression.

An improved understanding of the TMI-2 accident progression will
allow the TMI-2 research results to be more fully 1ntegrated with
other severe accident research towards resolving major technical
issues relative to core damage progression, reactor system thermal
hydraulic response and fission product transport during such

acclidents.
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