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Tne source ranae mon i tor {SRM) d&ta recorded dur i ng the r��!� � 

hours or :ne ;�ee ��!e Island Un l t  No . Z {!M!-2) acc!dent �c:low�ng 

�e•c��� a�wt�o�n were an a :yzed . An error: to simulate the actua� $RM 

� espons e was maae by performing a series or neut�on transport 

calcu:a��on�. Pri��Y empnas 1s w� placed on simulat ing the cnanges 

�� SRH res ponse to v�!o� system events curing the acci dent, so as to 

obta!n use�ul !n!oraat i on about core cond i�ions at  the vari ous s tages . 

Sased on the known end-state reactor condi tio�. the major system 

events, and the ac�ual SRM read!ngs, selt-co� l stent esti mates were 

:&de or co�e l i qu i d  level. voi d  �racti on !n the coolant, and l ocati ons 

�� oore �a: er:a:s. 7�!s analys!s expan¢5 the poss!ble inter?re:a: i or. 

c� the s�w ea:a re!a:1ve to c�re �amage progress ion . ;ne �esu!:S 

ap�ar :c be co�!st e�: w!th otner s:��:es ot tne TMI-2 Acc i dent 

�va!�a : ! or. Pro�am . L�d ?r�v!de !r.:c�ation use�u: tor the development 

and dete�!�at!�n o! the ;�:-2 ac c!dent scen�1o . 
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1, INTRODUCTION 

The acci�ent at the Three Hile Islan� Nuclear Generating Station 

Un1t·2 (�I-2) resulted in extensive �amace to the reactor core or 

t�!s pressuri:e� water reactor (PWR). This �amage include� fuel 

melting and the relocation or 10-20 tonnes or the fuel into the lower 

;:enua. l number or groups1-11 nave studied the acci�ent 1n an errort 

�o un �erstand the various events that resulted in the existing final 

core configuration shown in F'icure 1. 1. 

!he acc�der.t is the most severe to nave occurre� at a commercial 

PWR reactor to �ate. A better understanding or its progression as 

well as quanti� � cati�n or a number or unknown parameters will prov:de 

�ns�snt �egard��g degrade� core acci�nts an� their mitigation. This 

work exaa1nes the �esponse o� the source ranee monitor (3RM) during 

:he acciGent �n an attempt to resolve a number or ou�standing issues 

i�c:udi�l the �ollowinc: 

a. -��t •as the coolant inventory as a runct1on or time? 

� .  Ho� can the relocation o r  the core !nto the lower plenum and 

��e formation :� a coolaDle configurstion �e understood? 

c. •nat was the �reclse sequence or events t�a� led to the core 

d. �t na�=��·� to the control �od materia! ���ins the �o�e 

?ror,a::." T�.�s ;:rc�:""t:-: 1! sponsore� :: ::  t�e ·.:.S. :>epa�t�ent or Energ:: 

1�d !s �!re�te! t�war� understa�d!n& what happened d���ng tne 

a�c 1�•nt a�d resolving t�e outsta��!ng t echn 1 �a l �ssues re:at1�g to 

• 
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Fi�ure 1.1 T�I-2 known end-state core configurat ion.  



the Aoo i aent. The ana lys 1s �epo�ted he�• complements th is e rrort 

provld!�l add1t1onal 1nsilht i nto the p�os�•s s i on or the acc i dent. 

the analys1a examines the SRH data �•cordea auring the first rour 

hours or the accident. Normally these aetecto�s p�ovide a measure o r  

t�e neutron level i n  the �•actor when the reactor ! s  shut down or at 

ve�y low power levels . The �es ponse ot the detector is aeterminea by 

the neutron tlux a: the aetector location. Tni s  r1ux is i n  turn a 

function or the core power history . rue: distribution, moderator 

aens i t y  an� �1str�butior., ana the distribution or control rod material 

in the reactor. Previous wor k has shown that these ex-core aetectors 

i)roviae a lllfta.sure or the a!obal statue or the core ana contain useful 

1�tormat i on on a var iety or i)arameters relat i na to the fuel, moaerator 

and control elements.11•1• S ince the detector �esponse aur ing the 

acc iae�t deviated s i gn!t i cantly tram that or a normal shutdown ror an 

unaaca,ed core ( see :ia . 1.2).11 an analysis or :he SR� response 

should i)rov��e add!t ionai !nsi8ht i nto and deta!ls or the acc i �en: . 

As part or the lM! Acc!dent Evaluation Program , the 1nrormat1on ga1�ed 

�n :�1s way wtl: � a benchmark in the development ana ver1t!cat1on or 

a �est -eat l�ate acc��ent sce�ar!o . 

Figure 1 . 3  dep i cts the acc i aent progressi �n�•• as je t er� � ned tram 

Known end-state cond i t!o�s or the co�• ana reacto� vessel, data rrom 

��om bes t -es timate ar.a:yses �r the acc i dent •�?!oy!ng the severe core 

!a:-:age acc!�e:-:� pror,ess:o:-: code s::>t.?." Part or this -c:-i< was 

:1�ec:ea : owar� �ete�=�n�n0 �r :�e S�� respo nse was cons i s tent w i th 

�:-.u scenar i o. :'he �!�a 1 naer cr this sect1or. jesc� i�s -:.r:e 

scenar io' ar.� tne �nce�':.a 1 �t 1 es relat1na :o 1t . 
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The acc i dent was init i ated by a loss of feedwater . Through a 

seri es of operator errors, marginal design , inade quacies in training 

and emergency procedures and the mechani ca l  failure of the 

power-operated rel ief valve (PORV) to fully close , thi s  los s  of 

feedwater trans i ent resulted in a small-break loss of coolant accident 

( LOCA ) . Between 1 00-1 20 minutes after the initial loss of feedwater , 

the core began to uncover- Thi s  is sub stant i ated by the measurement 

of superheated steam i n  the hot legs at 113 min . Best-est imate 

predict ions ind i cate that core temperatures were h i gh  enough to 

balloon and rupture the fuel rod cladding at about 140 m!n , releasing 

some of the noble gases and other more volat i l e  fission product s ,  such 

as the iod ine and cesium located in the gap between the fue l  pellets 

and the cladd ing . Fissi on products were detected by the conta inment 

radiat ion moni tor at about 143 min . These pred i c t ions also suggested 

that c ladd ing temperatures began to rap idly increase at about 1 50 min , 

due to zircaloy cladd ing oxidat ion , and qui ckly exceeded the zircaloy 

cladd ing melting point c-21 70 k ) . The mol ten zirca loy is thought to 

have dissolved some of the U02 fuel . The l i que fied mixture probably 

flowed down and so l i d i! i ed in the lower , coo ler reg ions of the core . 

The lowes t level to which the mol ten mater ial flowed was probably 

co incident with the coolant l i quid level , wh ich is estimated to have 

been i� the lower one-third of the core. 

Ey 1 74 min (j ust pr ior to the pr imary cocl ant pump transient , as 

discussed later ) ,  local core temperatures hac proba�l y reached �uel 

me lting , particularly in the centra l ,  hi ghest-temperature reg ions of 

the core . Between one- quar ter and one-ha lf or the core proba�ly 

attained cladding me lting temperatures and some subsequent fuel 



d1ssolut1on and relocation. Dur1n1 the tlme per iod between 150 and 

11• a1n. a relatively solid reclon or core materials composed or 

previously .olten and intact fuel rods could nave rormed, aa 

illustrated in Fleur• 1.3.a. The top or the core probably eona1ated 

or �!lftlY oxi�ized tuel rod remnants. Hign-temperature molten 

aaterial probably had not yet penetrated below 0.75 m above the bottom 

ot the core. slnce the Self Powered Neutron Detectors (SPNDs) at Level 

1 and 2 (�.25 and 0.75 m above the core bottom, respectively) did not 

tnd�cate any anomalous behavior. 

The �rimary coolant pump trL�sient at 17� m1n. rapidly injected 

some water �nto the core. However, the amount of water and the extent 

of �re eoo!in& is not known. Furt hermore , �:ow blockage, resul�1ns 

rroa tne relocated mater!al ln tne lower regions or the core �robably 

l��ited cool��� !low :n:c ��e core. Ther=a! snd �echan!cal shock due 

to t he  !njected coolant would �esult 1n emb�1ttlement and 

trag�e��ation o! the fuel rod �emNL�ts in �he u�per regions �! the 

core. �ese tuel rod fragments coul� nave colla?sed downw�d towards 

��e molten and relocated core material, �orm1ng the �ubble bed shown 

�raal ea:cu:at1ons and flow estimat es suggest that the zone o f 

�•!oeated core =a�e��als cont i nued �o neat up even a!ter i�eeticr. or 

th!s wate� into t he :o�e a� 17� �:�u��s. rnese eal:u:ations a�e 

�=��:s�ent w!:� recent L�a:ys!s o! :�e in-core the��oeou�le a!a�ms . 

==�• �Y falling back r��= a n1��-temperat�e ala;� state , wh:le :ne 

ce�t�a! t�e�mocou�les remained !n the 1 �  �ign-te=perature alarm state 

•r.•� the eo�� was !:ooded ·�th coolant , indicating the presen�e or a 
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tempor ar i l Y  noncoolable mas s  i n  the central part or the core even 

be fore the pump trans i ent . 

Mos t , if  not a ll, or the core mater i als found in the lower plenum 

probably relocated at approx imately 225 min in a molten form . This 

relocat i on was indi cated by anomalous out put from the Level 1 and 2 

SPNDs and b y  a very rapi d i ncrease of approx imately 2 MPa in the 

primary system pressure . The increase in s ystem pressure was 

apparently caused by the generat i on of substantial quanti ties or steam 

as the hot core mater i al flowed into water i n  the lower plenu�. The 

steam and water probably fragmented the mo lten material as it  

relocated into the lower pl enum . This fragmentat i on may have res ulted 

in the format ion of a coolable conf i guration in the l ower plenum . 

Core heatup and further core de�adat ion were probab ly ha lted at this 

t ime by the pre�ence.of wat er in the l ower pl enum and the continued 

inject i on o f  water into the RCS by the high pressure inj ection s ystem . 

The postulated final damage configuration or the reactor core and i ts 

support structures i s  ill ustrated in F i gure 1 . 3 . c .  

As discussed by reference 6, a numoer or basic issues remain to 

be resolved . These i ssues ar e g i ven in Tatle 1 . 1 .  7he obj ect i ve o! 

this wor k was to ana: yze the S�� res�onse , �articul arly dur ing those 

ti mes corres ponding to when t he dramatic  changes in core geometry or 

coolant condi tions wer e thought to have occurred , to all ow 

�enchmar king t�e acc i dent scenario discussed here as we ll as to 

resolve a number of tne outs tanding techni cal i ssues ident i�ied in 

7able 1 .1. 

To ac complish t�is objecti ve , a ser i es or neutronics calc�lations 

were performed using the D�T 4.3 computer code . 7hese simulated the 

• 8 
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TABLE 1.1 
UDreaolved Tachnical Iasuaa 

Related to the Accident Sceaario4 

RCS r�t�mil-Myarau11CS 

1. What �as the coolant 'nventory as a funct1on of t,me? 

2. What were �he fiow pat terns �\th\n the reactor vess�17 

3. �ow was the core reflooded? 

Core Da�ge ?rogres s 1 on 

2. How d�d the cont�o1 and burnable po1son rod: �nteract w1th the fuel 
rods? 

3. �hat �as tne e1:ent of flow blockage, and how d1d 1t a�J ec� t�e 
nycrogen product1on? 

c. How can the �elocat�on of �he core \nto lower plenum 3�j �he 
subsequent • o r � � \on of a coolab1e conf\gurat\on be Jncerstood? 

5. What was the oegree of damage to t�e core support assembly, 
\nstrumen� str uc : ure s . and RV lower head? 

1. Wlla� .'!'rt �:o-t �eleases � .. om t�.e fue: of the less volat1le f�ssbr. 
;r�Ja:.;�a' 

3 .  �nat •e•t the ��ys\cai and chem\cal \nteract�,r� that a•fe�ted 
�\sston oroouct tr ansoor:? 

' 
. . �o� d'O ��� 1:r;-ter- rx�OSJre to an aa�eous e�v1•'��ent af•� 

f,ss\on ;roduct ���dv�c·? 

• 
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mat erial conditions in .the reactor dur i ng the accident !n an effort to 

reproduce the SRM res ponse . 

In the sect i ons that follow , the analytical approach as well as 

prior wor k are described . Spec i f i cally , section 2 describ es prior and 

related wor k . In sect i on 3,  the calculational method used in this 

analysis is presente d along with benchmar k calcul ations . Sect i on 4 

presents the res ults of the analysis as well as the uncertainties . 

Sect i on 5 provides a summar y or the conclus i ons of this work. 

i 



2. PREVIOUS WORK 

A numDer or prev ious �orks nave anal yzed the ;�: acc i dent in an 

att .. pt to understand its �orression . ;hese st ud i es i nclude analysis 

or tne SRM response as �ell as analyses o r  �ne res ponse o!' other 

i ncore and ex-core i nst rumentation . Thi� sect i on descri bes a number 

or :nese studies re lat ing to the present wor k .  

7ne S� response during the r lrst 2•0 mi nutes o!' the acc i dent is 

snovn 1� F!s .  2.1.' A nu:ber or sroup� l nclUdlng NSAc.a-• ��!loy and 

Chana ,' and ORN" .. 7 have examined the !'"esponse . 

'!'he MSAC study analyzed the response dur ins the acci dent i n  an 

error� :o co��elate t he s truc�ure w!�h var i ous system events and a 

post :J!at ed scenar 10.  ':'hey e:�Ql ained the s :ructure as rollows. 

:he increase !n c: �t rate tram poi�: B to po!nt £ ot Fig. 2.1 a 

was !ue to hoaoseneous vo!�!�l 1� the core and downcomer ( cause� �Y 

wat er  !:uh!ns to steam as the system pressure decreased) wn!c."t 

resulted !n decreased at tenuat i on or tne neutrons. !he 3- and A-loop 

cool•�� pum�s •ere �urned orr at point D and po ! r.t � respectively. 

;urning cr� tne A-:oop coolant �m�s !s �li eved to nave caused ��ase 

separat i on ,  w!t� :�e steam voi ds mov ins �? anj the :!��1d water 

sett:!ng dovnwar� !n the vessel &�� ?r!�ary system. 7�!s wou!d have 

no�: � � �s ! :y •o�:� ca�se �ne count rate to e!'"o? �c ne�ly tne ncr�: 

va:.;e !'�an �vo1:tej core as occ�!'"red a: ?C!:'lt : . 7!':.e :-::;,:--:::a: !ecay 

11 



-... 
co "0 � u u "0 
Q 
g 
"0 
c 0 u u en 

-
u 
c. 
., 
c: ::l 0 u 

5��------------------------------------------------� 

4 

3 

0 
I 

iurbine 
irip 

���.�z� c"i 'if' 

60 120 \80 
Time Aller iurbine Ttip (minules) 

Figure 2. 1 TMI-2 Accident Source Range Xonitor Response. 



: 

curve snown 1� Figure 2.1 1s tnat resul�inl rrom an aetual T�I-2 scram 

that occurred at T�! about one week berore the accident. 

ls the core heatup continued, the coolant boiled orr. the core 

bel&ft to unco ver, and the downoomer water level bel&n to drop. The 

decreas1n1 leve!s caused the count rate to 1ncre a .. rrom points F to 

po!�t H. It show:d �e noted tnat the downcomer water l•vel should be 

lower :nan the ccrrespone!�g two-phase mixture level in the core due 

to the hydro-static pressure equ!l1�r1um. 

7he level!ng orr and decrease or the count rate rrom point H to 

�oint ! could be accounted tor e!ther by the overrillins or continuins 

to empty. :n ec��Ying, two cour.terbalancins errects !nteract to 

�rocuce a decreas1n1 co��t rate. As the water level decreases, the 

L�cunt or �•utron shiel!!�g decreases. �!s eecrease increases the 

:eaK&se o� neutro r.s rroe ��e core, tend!ns to ra!se the count rate. 

�: tne same time. the l�ss or coolant �•c reases both the photoneutron 

so�ce strengt� ane the errect !ve neutron mU:ti�:!cat!on factor o� the 

core, causing a deerease !� source strenstn. 7he decreasing so�-ce 

strengt� te��� to �•crease the �etector count rate. Sased on water 

�!ow ra�es �e o�n� ev!oe�ce, the vessel is th��gr.t to have cont!nuee 

to •==�1· At �!�� : , the short-term �!ow �rom the operation o� the 

number 23 pucp �rc��ly r1::ee the downeo�er· and caused the ra�1d 

:rep !� S� eour.t rate. :r:m �1nt J �c L. tne water !r.jected by the 

��:s> �1!le� t�t eowncomer and the core reg1ons, thus �e��n1ng the 

• 
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The inter pretat ion d i scussed above showed t hat the res ponse or 

neutron detectors located out si de the reactor vessel coul d be 

correlated with the coolant cond i t i ons in the TMI vessel dur i ng the 

acc ident . 

To understand the e!fects or the vessel coo lant status on the 

ex-core detector ' s  res ponse , a deta iled neutroni cs analysis is 

re qui�ed . Fer lar ge-b reak LOCA's , Cundy ' ' has analyzed several LOFT 

experiments using such an approach . NSAC1•1 and Malloy and Chang' 

performed s imil� analyses for the TMI acc ident . 

These analyses focused on the coolant status dur ing the f irst 11� 

minutes or the TMI acc i dent . Because the extent or the core damage 

was un known at the t ime these stud i es were conducted , an intact core 

confi guration was assumed . V i deo and sonar data ,1 0 •12 have shown that 

the core was severely damaged i n  the acc i dent . Furthermore , thermal 

hydraul i c  data recorded dur i ng the accident sugges ts that this damage 

began as early as 1�0 minutes i nto the acc i dent . As a �esult , the 

wor k by NSAC and Malloy and Chang are s us pect beyond the onset or core 

damage . It is necessary to analyze the SRM signal b eyond this time !n 

li ght or this new i nfor�at i on . 

Estimates or coolant inventory have also been done using 

available thermal hyd�aul!c data , system o perat ion charac te� ist!cs , 

and the initial cond!ti ons pr i o� to the acc ident . i 7ne core liquid 

level based on the analysis in Refer ence 2 !s given in F!g. 2.2. 

shoulc te noted that t he data shown !n Fig . 2.2 !s ba sed on!y on 

the�mal hydraulic considerations and do not take into account the SR� 

data o� analyses. 

, l 
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In Reference 3 ,  a comprehensive analysis or core instrumentation 

and other instrumentation responsive to fuel d egrad ation d uring the 

TMI accident is reported . The purpose or that analysis was to try to 

und erstand and assess the core damage at TMI. The instrumentation 

examined includ ed core exit thermocouples, self powered neutron 

detectors, ex- core neutron d etectors, and containment radiation 

monitors. The ex-core d etector work includ ed a detailed neutronics 

stud y which upd ated the earlier unpublished work or Reference 18. 

Based on the analyses of the various instrument responses d uring the 

accident, the stud y conclud ed that: 

a.  The response of the containment area rad iation monitors at 

142 minutes suggests that fuel damage had occurred . 

b. The neutron transport analysis or the ex-core neutron 

detectors showed that the reactor vessel water level 

continuously decreased from the time the last coolant pump 

was shut err (at 100 minutes) until the �estart of the 2B 

pump at 174 minutes. 

c. The sudden rise in the SRM at 225 minutes along with sud den 

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 or Reference 3 included a neutronics­

based prediction of core water level, the results of which are shown 

in Fig. 2.3. 

I� should be noted that none of the works discussed above used 

models of the core which were consistent �ith the core damage scenario 

1 
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envisioned by the TMI-2 Accident Evaluation Program.• A s  a re sult, 

the various neutronics analyses or the S RM response are in need or 

reexamination. S ince it is now known that the d amage to the TMI core 

is much more extensive than originally envisioned in any or these 

stud ies, an upd ated analysis is needed . For example, the �revious 

analyses did not consider the core recont i guration that is now thought 

to have occurred when the 2B pump was res tarted at 174 minutes or the 

presence or ruel in the lower plenum. 

Finally, several simplifying assumptions were included in the 

NSAC transport analyses or the ex-core detectors which have the 

potential to significantly alt er the results. It was, r or example, 

assumed that an analysis or the erreets or core water leve l and 

moderator d ensity d one to ex�lain the SRM behavior prior to 174 

minutes could be �xtrapolated t o  t i mes beyond 174 m i nute s . Thi s  

extrapolation assume� an intact core , which is inconsistent with the 

current scenario. As a result. no analysis or the SRM response be yo nd 

the start-up or the 23 pump at 174 minutes was done. Also, the 

changing energy content or the neutron flux at the S R� location and 

its errec t on SF� response was n eglect ed . 

Since core damage is known to influence the SRM r es ponse as shown 

by Baratta et al,11 any analysis must take this into account. 

Furthermore, as t he core voids, the neutron flux at the detector 

changes signiri:antly ·in i t s  energy content, cau sing a� alteraticr. i� 

SRM se n si tiv i t Y  whi�h must also be accountec ��r. 

A related analy sis wor th ment ioning concerns t he ruel 

c i s t�i�� t ion in t�e T�:-2 damage d :ore. This anal ysis is based c� 

thermal neutron flux measuremen ts obtained from two str ings of solid 

. 18 



state �rae� recorders (SSTR).''•11 The SSTR's were inata!ltd in the 

annular gap between the TMI•2 �•actor vessel and the b1oloa1oal ahleld. 

Readlnas obtained trom the SSTR's wert then uaed to esti mate the 

thermal neutron tlux 1� the .. p.•• The resulting ax�al tlux profile 

d1tter ed 311ft1�lcantly rrom wh at would be e xpected ror a normal oore, 

and sugae ate d that there might be some tuel rel ocated to the lower 

head, althoulh tne amount wa s not quantified 1n the 1n!t1al study.10 

!he �!ux profile obtained rrom the SSTR read��gs waa further 

ana lyzed using the d1screte ordinate transport code, oo: 4.3, and 

usociated neutron1cs mode ls �� the damapd core.1' A total or ele ve n 

dltrerent aode!s were tried. The var loua models examined differed ln 

the way the tuel was distri but ed ln the core and !n the source 

st�e��� used ror the �lxed sources. 

���analysts'' showed that t�e t�er�al r��x profile was 

doai nate d by �e ut rons stream!�g 1n ��e annular gap trom tuel 1n the 

lower vessel head. � SSTR reading s were also �ound to be relatively 

!nsensltlve to the arr angement or the fuel lns!de the normal core 

r�slon. Sat!stactory a greement between the calculated and �easured 

thermal ��:JX ;: :- -: �!! e was obt&!:;e<! with �0  tonnes 0� uo2 1:-: the lo•er 

;:::e:-::.�:. A.::ow!ng ��r uncerta inti es !n :t&e calc�lat!o �s and 1n ':.he 

�as�e�ents 1':. was est:�:ed that t�er e were between 5 to as �any as 

2;. tonnes Of :J':2 in t!"le !ower plenWII. :1'\1s SS7� analys1s1 1 !'or the 

�!rst t1:11e q�nt!�!�� t-:� a.--:�·.,;:-:t o!' !''.�e!
'

�e!::lcat!::� !� t!"le lower head . 

co:-:f'lrmed t!'le prese nce o r  :ore �ater!al t;,ere . Toget:-.er •!th the wor�< 

:� t�t Ac:!�ent Eva:Jat�:;, Pro&ram, this su ggests that tne S�� data 

�.ave t"lt po':e�t�a: tO s�::stantlal:y 1�;::'"':\'l J\..0:" 'JnC:e:"'Stand!ng Of tl'le 
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! • 
core material relocati on and the core liquid level� \ 

during the accident. Indeed , this inspires the present worK and the 

approach used herein. 



3. CALCUl.ATIONAL METHOD 

Tbe source ran1• monitor r .. ponse depends on two raotors: 

�utron source dlatr 1 but 1 on and the shieldiftl e tteot or mater i als 

between the core and tne detector. To analyze the SRH ruponM du.rtng 

:�e TM:-: acc�je�:. both need :o be mode led properly. In thla 

section, the cal culational methOd used i n  the present analys i s  is 

descri bed and its adequacy is juati t i ed. First, the calculation or 

neutron source strength ror the period or i nterest i s  descri bed in 

subsection 3. 1. This establishes the neutron source distr ibut i on tor 

the analysis or the SRH response. Second. reactor models are 

constructed ror co mputer code simulat i ons. In this work , the 

tvo-d1Mns ional , neutron transport code DOT 4. 31' was used . The 

Hthod used by the DOT code in calculat i ng the spat i al and energy 

distribution or the neutron flux i n  a two-dimens ional geometry is 

known as the �ethod or discrete ord inates . :n tn!s method, t�e 

Boltzaann transport equation tor neutral part i cles is approximated 

numerically by a !1n1te spat i al mesh , a f i n i te energy ash ,  and a 

reature un ique to d iscrete ordi nates codes, a f i n i te angular mesh at 

each spatial �esh. :hus, g i ¥en a source or neutral particles 

(neutrons or photons) and a tabu!ation or micro scopi c  i nteract � on 

eross sect i ons {Whi Ch  may include an i sotropic scatter�ng), �i can 

provi de an accurate approximation or the energy, angular, an� spat�al 

�istr i�tion of �he neutron flux anyWhere w i ��in the system being 

�deled . In add!t!on. the oor code has the capa�1l i ty to model 

s:::=etr1c systems �n one :!' t!'U"ee :wo-��:nens1onal �:or'd�:1ate s ystems: 

X-Y :artesi an geocetl"')', R-Z cy :tndrlca : aeometr y and R-e :y!!ndr ica.:. 

i80Ciet !"' y • 
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In this analysis, the R-Z cylindrical geometry was used. The 

reactor models include core, internals, vessel and shield ing. The DOT 

symmetry axis was taken to correspond to the axial axis through the 

centerline of the reactor vessel. The models were d ivided into a 

multitud e of homogeneous zones representing several core sections, 

reactor upper internals, lower internals, vessel, shield ing, etc . 

To assure the ad equacy of the calculational method, includ ing the 

source term, the reactor mod eling technique and the computational 

proced ure, the method was first applied to two loss-of- coolant 

experiments ot the Loss ot Fluid Test {LOFT) Facility. 22 Since LOr! 

was well instrumented , more complete measurements or pertinent 

parameters were available tor comparison with calculations. This 

comparison allowed verification ot the methodology prior to its use in 

analyzing the TMI-2 sa� response during :he accid ent. The reactor 

model an d  the procedure tor cross section preparation tor the LOFT 

facility are described in subsection 3 . 2,  whil e  those tor TMI-2 are 

given in subsection 3 . 3 .  Subsections 3 . 4 and 3.5 describe the 

bench-mark calculation ot LOFT experiments LP-SS-2 and LP-SB-3, 

res�ectively. 

3. 1 Source !erm Calculation 

There are several pcssible neutron sources in a recently shutdown 

reactor core. The rr.ajor source ror the first few minutes after 

shutdown is the de layed neutron source, which is strongly time 

dependen�. 5y using a po i nt kinetics code2 3 with six ae:ayed neutron 

grou�s. 1: was determined t�at the delayed neutron source for the Lo:r 



racilltY durins the experiments tell to 1.9�x1 01 n/sec in iOOO seconds. 

A second neutron source arises rrom spontaneous fission which occurs 

due to the buildup or Pu-2�0 and Cm-2�2. The inventory is quite small 

1n these experiments. �is source, u calculated by the ORIOEN COCSe1" 

is only 1.•x1o• n/sec. A third neutron source results rrom the 

inventory or the alpha emitters. For example, an al pha-n neutron 

source is produced t.hroulh the reaction 

011 • � -----. Ne1 1 • n. 

':"he total neutron source trom alpha-n reactions, u calculated by the 

ORIGEM code ls �.38x101 n/sec . The start-up source is rrom the 

spontaneous �!salon or :r-252 with a source strensth or 3.38x107 

n/sec. The last major neutron source !s rrom photoneutrons. Fission 

products em!t hilt\ enersy gammas Which result 1n pt\otoneutron 

production through reactions such u 

�: • Y ------. H1 • n .  

This reaction has a threshold energy or 2.226 Mev, so that only tne 

highe� energy s•�as can cause th!s reac t i on. 

F!g�e 3.1 shows the proc�dures used to calculate the 

pnotoneutron sour ce . The �!me dependent gamma source �rom r1ss1on 

�roduc� decays was ca�c�:ated by tne ORI�EN code.1" :o convert th!s 

gamma source to a neutron source, a sh1eldi�S calcu:at1on was 

�errorme� to deter�1ne the s patial d!s��!bu�1on o! tn� gamma r: ux. A 

s�ce a�d energy dependent pho�:neutron source was ca::u:ated assu�:�g 

,.��ss 010 !� H10. 

A compar1s�n or �ne s t�engtns or the �1f�e� ent neJ��on sources at 

LOn' !.s ;:r.,v1ded !r ra::.le 3. 1 .  :t appears that al: sources are 

nell!.si:le with res�ct to the photoneutron anj delayed neutron 
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TABLE 3.1 
Neutron Sources in the LOFT Core After Shutdown 

Source 

Delayed neut:-on 

Photoneutron 

Upha-M source 

Spontaneous :iss. 

Start-up source 

n/sec 

3.70x10i3-

2. 71h 10 lO -

4.)8x 105 

1. 40x 1oS 
3.38x107 

1.97x108 

1.22• 1010 

Corr.men:.s 

(100 to 1000 

( 100 to 1000 

( - Constant) 

( - Constant) 

,- Constant) 

25 

sec) 

sec ) 



sources . The t i me-dependent photoneut ron and de layed neut�on sources 

are shown in Fig . 3.2. This f i gure shows t hat the del aye d  neutron 

source dominates dur i ng the first 400 seconds a ft er a s hutdown . The 

photoneutron source then beg i ns to become s i gn i f i cant at about 400 

seconds , and it becomes the dominant neutron source at a bout 900 

seconds . 

S ince the coo lant i nventory in the primary s yst em changes very 

slowl y during a small-break loss of cool ant acci dent ( LOC A ) , it  can b� 

assumed that the neutron flux shape does not change s ign i f i cant l y  in 

the first few minutes . The detector r esponse then foll ows the delayed 

neutron decay cur ve . At 1000 seconds aft er the reactor s hutdown, the 

photoneutrons are the dominant neutron source . The photoneutron 

source plays the role of the e xternal source and causes the fi ssion 

cha i n  react ions i n  a subcrit i ca l  shutdown reactor . The neutroni cs 

behav ior of the core in t h i s  t i me period depends on the core coo lant 

status and the strength of the photoneutron source . By assuming that 

the fl ux shape changes ver y  slowly in a small-break LOCA, the 

neutronics analysis can then be performed by a se� i es of stat i c  

ca lculat i ons �ith the est imat ed core vo i d  and source s�rength 

d i st�i but i on at each time po i nt . Therefore , a shieljing �ype 

ca lculat i on w ith a d i stri buted fi xed source plus fiss ion , was 

determi ned to be the best ap proach for tr.is ana:ys i s . 
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3. 2 LOFT Reactor Model and Gross Sect i on Preparation 

3.2.1 Reactor Model 

The LOFT rac1 l i t y,12 a 50 MWth PWR , is des igned to s imulat e  the 

major responses of the components and systems in a commerc ial PWR to a 

LOCA. The fac i l it y  inc ludes the reactor ves se l ,  the intact loop , the 

broken loop , the blow down suppres sion system , and the Emergency Core 

Cool ing System (ECCS). The major component s  o r  the LOFT fac ility are 

shown in Fig . 3.3, and the reactor is shown in cross sec t i on in Fig . 

3.4. 

Tne ne utron detectors are located outs i de the reactor vesse l  on a 

water fil led sh ield tank . As a result , the neutronic model or the 

LOFT reactor covers a large number o r  reg ions . The models conta in the 

core regions , the upper internal regions , the lowe� internal reg ions , 

the downcomer reg ions , the reactor ves se l , the vesse l gap region , and 

the biologica l  sh ield ing . Because of the large number o f  regions to be 

mode led , with the corres pond ing large physi ca l  dimens ions in each 

direct ion , the mesh spac ing size is kept fairly l ar ge and the number 

or neutron energy groups i s  kept smal l  to save com�utat ion time . 

The neutron i c s  model for the LOFT facility was developed from the 

geometry given in Reference 17. The R-Z geometry for the model used 

in th i s  wor k is shown in F i g . 3 . 5 .  Also shown ar� the l ocat i ons o� 

the source range mon itor (S��) and the detectors A, B ,  C and 0 wh ic� 

are part of a specially installed Penn State Non-Invas i ve �i quid 

�evel/Oensit y  Gauge System (SRM, A, 3, C and 0 are located in the 

sh ield  tank water region in the figure, res pect i ve l y ) .  The model 

- �  
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simulates the core , downcomer , vesse l , air gap , and the shield tank 

beyond the de tector locat i on , including the alumi num neutron windows , 

wh ich are plates of aluminum in fron t of the d etector tube location s .  

The aluminum neutron wi ndows d isplace the water in the shield tank in 

front of the detectors res ult i ng in less neutron absorption and a 

stronger detector response . 2 ' Boundary cond i t i ons used were vacuum 

top , bott om and r i ght s i de and refl ected on the left . 

The model includes r ad ial and axial cor e regions . The LOFT core 

cons i sts of f i ve full-fue l  assemblies and tour parti al-fuel as semblies 

in order to s imulate an appr oximate c ylin d er ( Fi glJre 3 . 4 ) .  The first 

radial boundary or the mode l corres ponds to the boundary of the 

central fuel assembly . The axial regions are modeled accord ing to the 

voi ding data ava ilable from the LOFT fac il i ty . Voi ding d ata available 

from the LOFT fac i l ity are i n  the form of a so call ed ' bubble plot ' ,  

whi ch is  generated from conduct i vity  probe d ata. 2 2  The conduct i v i t y  

probes are located a t  d i fferent el evat ions i n  t h e  core and downcomer . 

The axial reg ions were mode led in such a way that every axial region 

covers two sect ions or the bubble plot d ata. Table 3 . 2  g i ves the 

axial and radial mesh s pacing used in the LOFT reactor Model . The 

spac ing used was found to be sufficient to prevent i naccurac i es or 

negat i ve fluxes in the d iscrete ordi nat es "diamonc d i ffer ence " mode ! . 

3.2.2 Cross Sec t i on Preparat i on 

A f ! ve group cross sec t i on set was used in the LOFT small-break 

�8:A ana ly s : s . 7he � 1 ve-grou� cross sect ion set was coll a� se d from a 

123-neutron - grou� l i brar y . The group structure used in th is analysis 
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ss 6 . 44 2£+1 

60 6 . 9.56!:+1 

65 7 . 1. 2 0!:+1 

10 7 . 9C.5!-: 

iS e . 8 l.OE•l 

80 : . oc::::•: 
8 5 ! . 04 5E-2 

90 ! . 094E-: 

9.5 1 . 11.4!-: 

: oo 1 . ! 93!•2 

! 05 1 . 2 6 9::-: 

1 : :)  l . ).:. .;. t:-2 



l o . o  

6 l . 056E+l 

ll 2 . 300E�l 

l6 3 . 543E..,.l 

2l 4 . 787E .... 1 

26 6 . 030E+1 

31 1 . Z'i3E+1 

36 8 . 50lE+1 

4l 9 . 765E+1 

46 ! . l02E .... 2 

51 l . 229E+2 

56 l . 355E+2 

6l l . 48QE..,.2 
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7l ! . 734E�2 
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Bl l . 995E�2 
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lOl 2 . 485E+2 
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Tab le 3 . 2B LOFT Axial Mesh Dis tribution 

2 2 . 500 

7 1 . 306E•1 

12 2 . 549E..,.l 
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1s shOwn 1 �  Table 3. 3.  The 123 -neut�on-croup l 1 b�ary has a ras t group 

structure oonatst1na or the GAM- I I  enercy boundaries oomb1ned with a 

30-voup THER!«lS atructure below 1 .  86 ev . The 1 23-sroup neut�on 

library 11 1n AHPX uater library roraat • 1 1 The AMPX code NITAWL.1 1 

was used to make a �esonance se :r-shte ldina ea lculat 1on us1n1 the 

Nord he12 Integra : Method treatment . 1 '  The geometry , di mens l ona , and 

nuaber dens � t ! es ror the various co�• reaiona and un i t  ce lls we�• 

taken rrom Reference 28.  �· co�• fuel rod unit cel l , whi ch 1 s  shown 

i� Fi g .  3 . 6 ,  was a standar� sinale-tue l-rod transport calculation with 

no control rod uter1a l present. The control rod super cell , shown in 

F l a . 3 . 7  cons ! sts or one contro l �od un i t  ce ll and tour adj acent f ue l  

cells. �. fuel cel ls were homosenized at the outermost region or the 

super ce !l . To account tor bucklina , the heilht or both un i t  �ells 

was chosen to be t�e co�e he ! ant . �he �a� ! a !  re !l ect �r cont ! guration 

shown ! �  F ! g .  3 . � extended out to : �• shield t anK water ! n  order to 

obtain cross sect ions �or the ra�1&! reflectors , the reactor vesse l , 

t�e sta! �:ess steel  sh ields , t�e shie l� ta� k wall , the a l �c1 num 

neutron window and t�e sn i e l d  tank •ater . The num Der dens i t i es tor 

a:! tne com � 1 : 1 ons used !n � � ! s  �ocel ��e &1ven i r.  �ao l e  3 . � .  Cross 

sections tor the !uel rod ��it ce ll were generated tor J � . 201 , 4 0 � .  

6 : � .  9c � .  anc , : c�  nomoaeneous voi 1 rra : t i on . : � c ' s  'e� t i ons �or the 

control rod su�er ce ll were calc� : ated �o� : � . sc� . and � JCI vo : 1 !ng . 

:-he convent!cna l few-group :� :;ss sect!on � e :-:e� a t ! : :-:  � � : cedur e .; as 

used t o  ��•at e the r!ve - g� : � ;  = � o's 'ec: i on l � �ra� y . ��e �rocedure is 

at ve� in F1a . 3 . 9 .  The col 1aps � � g  o �  : �e , 2 3 -neutron· g� c � �  l � �rary 

was � !ormed •!  t:"l : he �0 :< one ·d i::�ens 1ona l t �a�' ;:>or :  .:o:te XS ;)::i;; ?� . a • 

A!ter the un � t  cel l . t�e super ce l l  and the � � �l ector ca l c�l ati ons 
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TABLE 3 . 3  
LOFT Five Group C ro s s  Section Energy S truc ture 

G r ou p U p p e r  E n e r gy Bound ( � EV) f i ss i on Spec :::. :- '...!.!:1 

1 . 49 1 8x 1 0 1 0 . 68976 

2 1 .  0026 0 . 3 1 024 

3 1 .  1 706x 1 o-2 0 . 0  

4 1 . 0 1 30x 1 o-4 0 . 0  

5 6 . 5000::< 1 0-7 0 . 0  



Reg ion 

1 
2 
3 
4 

Uppe � Rad i �s ( :� )  

0 . 461169 
0 . 117ll28 
0. 5359Al 
0. 80680 

�.a ter i a .!.  

Uran i u.":'' O i. o:< i d e  
A i :- Gap 
Z i r ca loy C l add ing 
3 o :- a ted Wa t e r  

Fi gure 3 . � .  l-0 modal for  LOFT fuel �n i t  eel: . 

3 7  



Reg ion Upper Rad ius ( c:n )  Ma t e r ial 

, 
2 
3 
4 
5 
6 
7 
8 

0 . 45000 I n-Cd - Ag A l loy 
0 . 505 4 6  I n-Cd - Ag A l l oy 
0 . 5 1 054 A i r  Gap 
0 . 55880 s . s .  3 1 6 
0 . 64896  Wa t e r  
0 . 69 2 1 9  s . s 3 1 6  
0 . 80680 Wa t e r  
1 . 80000 iiomogen ized fue l  

Fi gure 3 .  7 .  1-D model for LOFT control rod super c e l l . 



l ) 4 6 7 I 

L-------UL------�L---L--------------------L-- - ----- --------J 

Reg i on Uppe r Rad ius ( c• )  Ha t e r l a l 

l 10 . 000 llomogen i t ed fue l 
2 10 . 1 00 I ncone 1 - I l 0 
3 10 . 600 lla.osen l ud fue l 
I& 2 1 . 100 95J S . S  ]Oq & 5J \la t e r  
5 26 . 1 97 Oo�ncoaac r  \la t e r  
6 52 . 11 11 6  Ve:.sc l f i l l e r 
., 6 11 . 500 A I  Neu t ron \I I ndo� 
0 '1 '1 . 500 Sh 1 e l d  Tauk u.-, t c r  

F I Kure L B .  1 -n ••de l for I.UYf rad i a l re f l ec t o r . 

.. 
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TABLE 3 . 4  
LOFT Reactor Element Number Density 

Z one El ement Number Dens i ty ( a tom/barn-em ) 

Fuel rod H 2 . 55052£-02 
0 2 . 62 1 32E-02 
B- 1 0  9 . ll 6088C: -07 
8- 1 1  3 . 83670E -05 
Z r  3 . 7042ll E-03 
U-235 2 . 7 1 1 68£-04 
U-238 6 . 459 1 7E-03 

Control rod H 1 .  1 8Z: 30E-03 
0 5 � 92 1 72E-04 
B- 1 0  4 . 39320£- 08 
B- i 1 1 . 78 1 63£-07 
Mn 2 . 75850£- 05 
N i  1 . 06488£-04 
Fe 7 . 724 1 5 £-04 
Cr 2 . 28364£-04 
Ag 8 . 88704£-04 
I n  1 . 698311 £-04 
Cd 5 . 33 1 06 £-05 

Do�o�ncomer �o�a ter H 5 . 0 1 '180E-02 
0 2 . 50740£-02 
8- 1 0  1 . 860 1 9£-06 
8- 1 1  7 . 511 369£ -06 

Core bar re l  Mn 1 . 75400£-03 
N i  8 . 20700£-03 
Fe 5 . 95300£-02 
Cr 1 . 76600£-02 

Vessel Fe 8 . '1 7500E-02 
Shi eld tank �o�a te r H 6 . 68640£-02 

0 3 . 34320£-02 
W i nd::l� Al 6 . 02420£-02 



I XSORN?� [ Fuel Cell 

t23 Neutron 
Cross Sec t ion L i brary 

I NITAWL I 
XSORHPH 

Con trol ROd Cel l 
XSORHPH 

Rerlector 

( N I TA\.'t :.------�{ N I T  AWL j�-------�1 NI'lAWL I 
l !liTA\IL J 
I C I P  I 

F i ve Group 
Cross Sec t ion L ibrary 

Fi gure 3 . 9 .  F ive group eros• s e c : ion l i� r a ry prepar a t ion 
p ro cedure f o r  the LO� neu t roni c s analy s is . 
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wer e  made for each vo i d  frac t i on ,  the ind i v idua l few-group cross 

sect ion sets were comb ined two at a t ime us ing the code NITAWL to 

cr eate a fi ve-group mi croscopi c cross sect ion li brar y . The code GIP2 ' 

was then used to produce a fi ve-group macros copic cross section 

li brary in DOT li brary format ( b inary format ) .  

3 . 3  TM!-2 Reac tor Model and Cross Sec t i on Generat i on 

3 . 3. 1  Reactor Model 

The confi gurat ion of the TMI-2 core is  shown s chemat i cally in 

Fig . 3.1 0 .  The core , along with i :s pressure vessel and concrete 

b iologi cal shield was s impl i f i ed to a form wh i ch could be handl ed by 

the DOT code . The reactor model of TMI-2 , shown in Fig . 3 . 1 1 , was 

based on the mode l repor ted in NSAC-28 . '  The core i s  separated into 

two radial r egions . It  i s  modeled i n  thi s  way because there existed 

an appro ximately one -fue l-as sembly th i ck band of undamaged ,  normal 

fuel around the core at its outer per i phery . The presence or th is 

fuel was determi ned by v i deo and sonar read ings taken of the damaged 

core . 1 0  Ax :al d i v i s ions in the core reg i on are s i zed and s paced to 

prov i de more deta il in reg ions of maj or core slumping and lowes t core 

water leve l .  

�e s pacer reg ion i s  a homogen i zed representat ion of the core 

l�ner anc the water between the l iner and the barre l .  Th i s  reg i on i s  

treat ec as par t o f  t he core , i . e . , the vo i d  p ro � i l e  i n  t h i s  �egion i s  

the sa�e as that i n  the cor e re�ion dur ing t he bo i l-off . 7he 

downcomer region cons i sts �� the core barre l ,  water gap , therma: 

sh i e l d and downcomer . 
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Figure 3 . 11 .  TMI-2 reactor R- Z model for DOT calculation . 
(Dimens ions in em) 
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The lower head portion or the mode l vas not i nc luded in the 

oria1nal NSAC-28 model because the final status or the core was not 

completely known at that time . Video scans and sonar read 1nss • • - • •  

have subsequently shown that the core was severely damaaed and 

sisn1t 1 cant amounts or core material relocated to the lower head . The 

air rap near the lover head provides the neutron stream1ns path ror 

the neutrons 1n �he lover head to reach the detector . Ana lysis has 

shown that the fuel 1n the lover head provides the dominant neutron 

source to the ex-core detector �es ponse ror the damased core. • • , • •  

Hence , 1t ls necessary t o  model the lover head portion t o  understand 

the SRM �s ponse durins the accident . Table 3 . 5  sives the detailed 

axial and radial �esh !nto Wh i ch the �I-2 was divided . The model 

uses 211336 mesh ce l ls , a nucber roun<: to be suttl cient to av:) !..d 

inacc�ac t es or nesat� ve tl �xes in the j ! scre:e ordina tes "diamond 

� ! r rerence • mode l .  

Boundary cond ! t lons used were vacuum on top , �o� :om and right 

s l �  ot the mode l an �  reflected on � �e :e�t boundary . 

3 . 3 . 2  : r:s s Sect i on Preparation 

�e DOT code cal :u l a : 1ons ror the ;� : - 2  ac c ! jent analys : s  were 

�de using a r! ve-sroup c�oss sec: 1on set . ;he r : ve-sroup energy 

s � �·� c t are , shOwn � :1  ;ab ! �  ; .  � was .. s e �  by :.. � pr.ne �:a: t ona ! :.a:: :lrat o � ::  

� � �  :.ne1� � : - 2  �eutron � cs s :  .. �y . '  7�e ! �: a c �  core e lement n�� :: er 

:e:ls ! t 1 ea are g ! ven !� ;able 3 , 1 ,  !�ese :-: uobe� dens i t i es : :1c : ...::e 

=� � � r ' :  �ater � al and a sol �o l e bor ':1 ccncent rat l o r.  of 1 260 �pm3 . 
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Table 3 . 5A TMI-2 Radial Mesh Distribution 

1 e . o  2 2 . 7 30 3 5 . 460 4 8 . 190 5 1 . 092£+1 

6 1 . 365!+1 7 1 . 638£+1 8 1 . 911E+l 9 2 . 184E+l 10 2 . 4 5 7E+l 

11 2 . 7 30£+1 12 3 . 003£+1 13 3 . 2 76£+1 14 3 . 54 9E+l 15 3 . 8 ::E+1 

16 4 . 095E+1 17 4 . 368E+l 18 4 . 64 1E+1 19 4 . 91 4 E+l 20 5 . 1 8 7£+1 

21 5 . 4 60£+1 22 5 .  7l4E+1 23 5 . 968E+l 24 6 . 222!+1 25 6 . 4 7 6!+1 

26 6 . 730£+1 2 7  7 . 009£+1 28 7 . 288£+1 2 9  7 . 567£+1 3 0  7 . 847E+l 

31 8 . 126£+1 32 8 . 405£+1 33 8 . 684£+1 34 8 . 964£+1 35 9 . 243E+1 

3 6  9 . 522£+1 37 9 . 801£+1 38 1 .  008£+2 3 9  1 . 0 36£+2 4 0  1 . 063!+2 

41 1 . 091£+2 4 2  1 . 117£+2 43 1 . 1 4 2£+2 44 1 . 167£+2 45 1 . 192!+2 

4 6  1 . 218£+2 4 7  1 . 246£+2 48 1 . 274£+2 4 9  1 . 302E+2 50 1 . 3 30£+2 

51 1 . 358£+2 5 2  1 . 386£+2 53 1 . 4 14£+2 54 1 . 441!+2 5 5  l .  469E+2 

56 1 . 4 97£+2 57 1 . 525£+2 58 1 . 5 33£+2 5 9  1 . 581£+2 60 1 . 609£+2 

61 l . 637E+2 62  1 . 668£+2 63 1 . 6 99£+2 64 1 .  729E+2 65 1 .  7 60E+2 

66 l. 7 90E+2 67 1 . 817£+2 68 1 . 845£+2 69 1 . 8 72 E+2 70 1 . 8 99£+2 

7l 1 . 92 6£+2 72  1 . 953£+2 73 1 . 981£+2 71.. 2 . 012!+2 75 2 . 0l.4 E-: 

7 6  2 . 076£+2 i 7  Z . 108E+2 78  2 . 13 9£+2 7 9  2 . �71E+2 8 0  2 . 1 9 7£+2 

81 2 . 222£+2 82 2 . 255£+2 8 3  2 . 2 87£+2 84 2 . 3 91E+2 85 2 . 352!+2 

86 2 . 384£+2 $37 2 . 435£•2 88 2 . 4 8 6£+2 8 9  2 . 5 3 7!+2 90 2 . 5 8 8!+2 

91 2 . 63 9E+2 92 2 . 6 90£+2 93 2 . 74 1£+2 94 2 . 791£+2 95 2 . 84 2!+2 

96 2 . 8 93£�2 97 2 . 94l.:E+2 98 2 . 995E+2 9 9  3 . 0t. 6E•2 100 3 . 097£+2 

101 .3 . 148!+2 102 3 . 1 99!+2 103 3 . 2 50E+2 104 3 . 301!+2 105 3 . 352!-2 

106 3 . l.03E+2 1C7 3 . 454£+2 1 08 3 . 505£+2 109 3 . 5 34 E-2 110 3 . 5 64 :::-2 

111 3 . 5 93£+2 112 3 . 623£+2 113 3 . 652!+2 114 3 . 662!+2 115 3 . i l1E-2 

116 3 . 7 4 1£+2 11 7 3 .  77 0£+2 118 3 . 8 00£+2 
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Tab le 3 . 5B ( continued) 
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TABLE 3 . 6  

9 
tHI Five Croup Cro•• Section Energy Structure 

Upper Energy Bound ( He v )  fiss ion Spec trum 

� . �JOC x l O  , 
0 . 7 6054 4  

a . 2085x 1 o- 1  0 . 239295 

5 . 5 308x 1 o - 3 1 . 80408x , o- � 

1 . 855Ai x  10-
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0 . 0  

6 . 24 93x t o- 7 0.0 



TABLE 3 . 7  

IMI-2 Reactor Element Number Dens ities 

Zone Eleme n t  Number Dens i ty ( a tom/ba r n - em )  

Upper i n ternal s  H 4 . 6684E-02 
0 2 . 3328E-02 
Si 1 .  1 1 39E-OIJ 
Cr 1 . 9820E-03 
Hn 1 . 7227E-OJ: 
Fe 6 . 6202E-03 
N i  9 . 7004E -04 
S - 1 0  9 . 364 1 S -06 

Core H 3 .  1 29 6 E -02 
0 i . 2952E-02 
Z.r 4 .  1 537E -03 
U-235 1 . 6902E -04 
U-238 6 . 3069E: -03 
Cd 2 . 0069E-05 
In 4 . 9802E-05 
Ag 4 . 0576E -04 
B 1 . 27 60E -05 

Lo\.ler i n ternals H 4 . 2330E-02 
0 2 .  1 1 4 3E-02 
Si 1 .  7520E-04 
Cr 3 . 4250E-03 
Hn 2 . 9856E-04 
Fe 1 . 1 440E-02 
N i  1 .  6 7 6 3E:-03 
9 8 . 9400E-05 

Spacer H 3 . 7 1 38E-02 
0 1 .  8534E -02 
S i  2 . 6334E- 04 
Cr 5 .  1 749E-03 
Hn 4 . 4875E-04 
Fe 1 .  7 1 95E-02 
N i  2 . 5 1 95E-03 
B 7 . 8364E-06 
H 3 . 9595E-02 
0 1 . 9766E-02 
S i  2 . 2 1 72£-04 
Hn 4 . 334 2E-03 
f e  3 .  7783E-04 
N i  1 . 4477E -02 
B 8 . 3600E-02 

V essel Ho 2 . 7 1 37E-04 
S i  . 4 . 264 1 E-04 
C r  1 . 274 6 E-04 
�n 1 .  1 20 1 E-03 
N i  8 . 1 9792 -02 



TABLE 3 . 7  ( Con tinued) 51 

: : �• � hmen :  �Jumber Dens 1 ty ( a tom/ ba r � - c� )  

A 1 r  N 7 . 31162£ -05 
0 2 . 9378£-05 

Lead Pb 3 . 2960£ -02 
Pol y  H 5 . 6350£-03 

c 2 . 7880£-03 
Cone: rete Al 1 . 711 1 0£-03 

Ha 1 . 2386£-04 
Fe 3 . 11509£ -04 
Ca 1 . 5026£ -0t: 
H 8 . 6039£ -02 
"' 4 . 3289£ -02 
c 1 . 1 534£ -04 
iC !1 . 6052£ -04 
�;a 9 . 61103£ -0U 

Lower g r 1d p l a :e H 2 . 39 10£-02 
0 1 .  1 127£-02 
S i  5 . 1353£-011 
Cr 1 . 0552£ -02 
Hn 8 . 7253£-011 
f'e 3 . 353 1 £ -02 
N 1  4 . 9 1 32£-03 
a 11 . 70118£-06 

Lower ar id H 2 . 0040£-02 
distr ibution pla � e  0 9 . 911118£-03 

S i  5 . 53117£-0!1 
c� 1 .  08 1 9 E: -02 
�!'l 9 . 1:038£-04 
Fe 3 . 6 1 38£-02 
N l  5 . 2952£-03 
8 :, , 2 1 6 1 £ -06 

Lower rlO\I H 2 . 5479£ -02 
d ls tr ibut lon plate 0 1 . 2678£-02 

S1 11 . 6 1 1 5£-04 
C r  9 . 0 1 !16£-03 
1'\."1 7 . 8353£-011 
re 3 . 0 1 1 0£-02 
N i  4 . 11 1 20E-03 
8 5 . 3605£-06 

Lower plen� H 5 . 01137£-02 
0 2 .  52 1 11 £ -02 
S1 3 . 77 10£-05 
C:- 7 . 37 1 7£-011 
�n 6 . 11 072£ -05 
:! 2 . !:623£-03 
•: \ 3 . 6079£-0tl . .  
a 1 . 066 1 £-05 

• 



The cross section� were generated rrom the VITAMIN-E 3 1 i 7� -group 

neutron cross sect ion l i brary and col lapsed by using the codes in the 

AMPX system . The ori ginal 1 74 -group li brary was in AMPX mas ter 

li brary rormat . This library nas separate resonance informat ion tor 

several elements , includ ing Uranium-238 . The code BONAM: 1 '  was used 

to make a Bondarenko resonance self-shield ing calculat ion to combine 

the resonance and non-resonance data . !n these resonance 

self-shielding cal culat ions , the damaged f uel was modelled as a s phere 

whose rad i us is the same as that or an intact pellet . This f ue l  was 

in turn surrounded by shells or cladd ing and coolant s uch that the 

rue l  occup ies 63� or the total ce ll volume . 

The fi ve-group cross section preparat ion procedure tor TMI-2 

neutroni cs analysi s  is sli ghtly d i fferent from that or the LO:! 

analysis . !he procedure is  shown in Fig . 3 . 1 2 .  The code BONAMI was 

used to oake resonance calculat ions because the V !TAMIN-E cross 

section li brary can only be handled by the BON��! code . Un it cell 

calculat ions were performed to homogeni ze the mater i als in the uni t  

cell with voi d fractions of 01 , 20� . 40� , 601 , 80 % ,  and 1 001 . No 

�oup collap s i ng was per formed dur i ng the cell ca lculat i ons . :ell 

we i ght ing was used in the cel l  cal culations to generate cross sec t i ons 

cons istent wi th the moc kup or a cell confi gurat i on as a homogeni zed 

region . One-d imensional radial full reactor model calculat ions were 

performed by XSORNP� 2 ' code to collap se the 1 i 4 -group cross sec t i on 

l i brary to a f i ve-group cross sect ion set wi th void fractions of o� . 

20 � .  40� . 5o� . 80� . and 1 00% . 

To j ustify  the ade quacy of the cross sec t i on preparat i on use e !n  

t� 1 !  wor k ,  a series of cal culat ions were carried out using the 

. 52 



XSDRNP� 
f'uel C e l !  

I 

V ITAH I N - £  
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Resonance Calculat ion 
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f XSDRHPH 1 -0 Group Collaps ins 1 
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F � .,. Group C ross Sec t ion L ibrary 

Ficur• 3 . 12 .  Five �roup c ross sec t ion ! i �rary prepara t icn 
procedure f o r  t he � r - 2  neut ron ics an a l ·: s i s . 
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one-di mens ional ANISN .code . 3 2  All ca lculat ions were performed using 

an s, -quadratur e  set with P ,  scatter ing . The calcul ated results 

showed that the total flux at the detector locat ion increased by a 

factor or 1 22 with void fract ion or 1 00� in the vessel using the 

1 74 -group cross section library . There was an increase by a factor o f  

1 40 using the five-group cross section library . These results 

sat isfac tor ily benchmar ked the mesh and group structure , thus 

indicating that the fi ve-group cross section sets were ade quate for 

this analysis but provide an uncertainty or about 1 5 ' in the flux . A 

detailed analysis of th is uncertaint y  as well as that ori ginating from 

other factors is inc luded in Sec t i on 4 .  

3 . 4  LOFT Exper iment LP-SB -2 

In the above , we have descr i bed how the source term 

was calculated , how the DOT models were cons tructed , and how the 

neutron cross sec tions were prepared . Hav ing done these , we can now 

calculate the SRM res ponse . To j us t ify the ade quacy of the method , we 

first applied it to LOFT exper iments LP-SB -2 and LP-SB-3 . A ser i es of 

computer s imulations were conducted and the LOFT SRM res ponse 

calculated . This calcu lated res ponse was compared with the o bserved 

detector res ponse in these exper ime nts . Sens i ti v it y  studies on these 

simulat ions were also per formed in order to under stand the general 

behav ior of the detector res ponse . The resu l t ing agreement between 

the calculated response and the measured res ponse showed that the 

�ethcd des �r i �ed above was ade qua te for the SRM analysi s .  
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�. �CFT experiment LP·S8·2 was a small-break LOCA exper iment . 

It si.ulated a three·inch-di ... ter pi� break ln the pr imary system 

not lee . • •  In thls exper iment the primary coo lant pumpa were kept 

operat tnc . !hla resulted ln a � .. nized and un iform d i s tri bution o r  

une ooolant tor the t 1 � s t  1 050 seconds . After that point , flow 

decradation set 1n and forced c irculation ceased at about 1 300 seconds . 

Th•�•tore , to eva luate the � es ponse or the detectors , particularly the 

source range IIOnitor , a s 1aulat1on or such conditions was performed 

us lns the method outlined previously ror var l oua vo i d  tractions . The 

reaulta or these calculations are gi ven in Table 3 . 8 ,  where A ,  B ,  : 

and D are the detectors or Penn State �on-Invasi ve Liqu i d  

Leve l /Oenalty Gauge Sys tem , and SR!"! i s  the source range 1110n 1 tor .  The 

locations or these detectors are shown in Fig . 3 . 5 .  � is :ab�e was 

constructed us !�g �oth tne start �� sour:e and the �hotoneutron source 

deta i l ed  ear l i er .  F ! �J�e 3 . 1 3  !a a � l ot o �  the �a�a f�r the S �  

res ponse based o n  Table 3 . : .  

!o account tor the e r�ec � or dens i t y  chanaes on the �r.ot�neutron 

source , the erreet � ve source Serr was e xpres se� as 

whe�e 3 ., �  ! s  the photoneutron so�ee ror a non-vo 1 je� core , a the vo i �  
. .  

��a� t 1 o� . and Sa the s tart�p sou� e e . 7he t e�� � 1 -a )  1s i nc : �de� i� 

��• �ho� o�eu : ��n souree to acco un t  �=� � � e  reduc � � on or coolant 

snowed � n ! s to �• neg : � g i ble even in a h18h l Y  vo i �ed core . 
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TAB LE 3 .  8 

Effect of LOFT Homogeneous Voi ding on Det ec tor Res ponse* 

Vo i d  F,..act i on Normal i zed Detector Response* 

A B SRM c D 

OS 1 . 0 1 . 0 1 • 0 1 . o  1 . 0 
20� 2 . 1 9 2 .  9 1  2 .  21 2 . 2 1  2 . 20 
40S 3 . 4 6 4 . 48 3 . 42 3 . 4 1 3 . ll 1 
60S 4 . 4 5 5 . 64 4 . 29 4 . 26 4 . 30 
80% 4 . 72 6 . 03 4 .  81  4 . 57 

I 
4 .  6 1  

1 00S 4 . 84 6 . 24 5 . 04 4 . 83 4 . 76 

* Det ec tors A ,  B ,  C ,  and D are part o f  The Penn State Non-Invas i ve 
Leve l Gauge . The source range monitor ( SRM ) is part o f  the normal 
LOFT nuclear i nstrumentat ion . 
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Figure 3 . 1 4  show� the res ponse or the ins ta lled LOFT S RM  dur ing 

the exper iment LP-SB-2 . The e xper iment began wi th 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 devi ation at about 

1 500 seconds . The rat i o  or the o bserved count rate to t he normal 

shutdown curve at this time is about a ractor of 2 . 7 .  Accord ing to 

the results or the neutronics analysi s shown in Fi g .  3 . 1 3 , the core 

void fract ion at this point is  est imated to be approx imately 301 . 

Cold-leg dens i tometer read ings reported in Reference 33 yield a vo i d  

fract ion or 3 31 , in good agreement w i t h  the neutroni cs analys i s .  A 

compar i son of co ld-leg vo id fraction obtained from the dens i tometer 

readings and those obtained from the neutronics analysis  from 900 to 

1 500 seconds is shown in Fi g .  3 . 1 5 .  Aga in ,  the agreement between the 

measured data and that obtained from the neutron i cs ana lysis is good . 

In summary , the results or the analys i s  of the L?-SB-2 e xper iment 

show that the var i at i on in neutron level can be used to obta i n  

information on void fraction i n  the core during the forced c irculation 

phase of a small-break LOCA.  

3 . 5  LOFT Exoeriment LP -SB-3 

Exper iment LP-SB -3 was conducted to s imulate a cold-leg 

small -break LOCA , with a scaled b�eaK s i ze correspon1 i �g to : 

1 . 8 4 - inch p i pe d i ameter i n  a reference commer c i a l  pressur i zed �ate� 

reactor . 3 3 '  3�  The expe� iment was s pecially des i gned to achieve 

conc : t ions that wou l 1  al low an assessment cf the phenomena as soc iated 

w i th slow coolant bo i l-orr lead ing to an uncover ed core at h i gr. sys t e� 
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p�saurea and tne usefulness or steam senerator reec-and-bl .. d as a 

means or plant recovery rrom desraded-core oool i nc cond i t ions . 

Fiaur• 3 . 1 6  at ves the actual SRH response dur i na the exper iment . 

ls snovn 1n  the rt rure , the SRH res ponse started to dev iate trom the 

normal shutdown curve at about 1 1 00 seconds . The steady increase in 

tne count rate i nd i cated an i ncrease in voi d  r�act ion in  tne vessel 

dur1ns o perat ion or the pr imary coolant pump .  The cold-lea dens i t i es 

... sured in the e X?er i ment also i nd i cated that the homoseni zed two­

phase ai xture was pumped by the operatins pr �y coolant pumps 

throuanout the s ystem unt il the pumps were tri pped at 1 600 seconds . 

The sharp decrease 1n tne SRH response at 1 600 seconds was due to the 

shutor� or the prt �ary coolant pumps reault i ns in phase separat i �n 

w i th the voids � � • 1 �8 to the upper res !on or the vessel . �· core and 

do�comer �•g �ons we�• � t l : e� w i th l i qu i d  �esult i �8 in a shielding 

errect on tne ex-co�e detector - Tn ! s  errect •as also observed i n  the 

rea�•• o� the otner detectors ( l ,  B ,  C and � ) .  

la �inted out ear l i er ,  the SRM response dev i ated at around 1 000 

seconds !ro� tne norma! shutdown curve . The dev iat ion cont i �ued unt i l 

, 600 seconds w�en the pumps were t � � ; ped . F ! g . 3 . 1 7  compares the 

ea leulat ed voi d  tract i on obtained !rom the S P� data w i th that 

ca l :� ! a � ed trom cold-lea dens i tometer �ea� ings reported in Reference 

3� .  �. r es u! t ! �g vo 1 d  !ract ion o � �a !ned ���� the neut��� : �s ana l ysi s 

asrees we l :  w ! :� that obta ined rrom ��e co! = -leg dens i tometer 

��asureme�ts . 

�� 36� :  seconds , ��• 5 R� res ;o�se aga ! n  dev iated r�co t ne nor� a l  

• � �teo•n res �nae . ;he dev iat ion " a s  due to bo � l -o r r  or the coo l ant 

�a u s 1 ng � � e  li �u � =  !eve : �o decrease !� bo� h  t�e co�• and �ow�comer 

• 

6 1  
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�egions . The level above the bot tom o r  the co�e dur ing LP -SB -3 was 

est imated using the neut�oni c  analy s i s  during the cool ant bo il orr 

pe� iod r�om 3600 seconds to 5 400 seconds usi ng LOFT SRM �es ponse . The 

neut�oni c analy s i s  showed that the SRM �esponse i nc�eases as wate� 

leve l dec�eases . F i g .  3 . 1 8  shows the �elat ions h i p  between no�mal i zed 

SRM �esponse and downcome� wate� l e ve l . He�e the downcomer i s  assumed 

to be in hyd�au l i c  e quil i b� i um w i th the co�e , thus , the co�e mi xtu�e 

l evel is g�eater than the downcome� l e vel due to the steam voi ds 

gene�ated in the co�e . 

The data shown in F i g .  3 . 1 4  was used to estimate the co�e wate� 

level above the bottom o r  the co�e du�ing LP-SB-3 was est imated . F i g . 

3 . 1 9  shows the wat e� level obtained r�om the neutroni cs analysi s and 

compares i t  wi th that est imated from the bubble plot data L�d 

thermocouple data . Exce ll ent agreement was obta ined w i th the 

thermocouple data . The compa�i son with the bubble plot dat a  i s  a l so 

good except ror the pe� i od between 4700 to 5400 seconds whe�e i t  i s  

poor . Tl1e d isag�eement between the bubble �lot data and neutroni cs 

analys i s  ro� t imes �eate� than 4700 seconds is be li eved to be due to 

unce�ta int i es i n  the bubble plot data rathe� than neutron i cs s tudy . 

Nonethe l es s , the analys is or the LOFT sou�ce �ange mon i to� 

�es ponse shows that the SRM �es ponse can be expl ained in t erms or 

level and dens i t y  changes in the cor e . To fu�ther demonst�ate thi s , 

the SRM �es ponse �or LP-SE -3 was simulat ed us i ng the e s t i mated vo i d  

fract i ons obtained r�om colct-leg dens i � i es and the es t imated co�e 

wate� level obta ined r�om the co�e thermocoup l es . The �esul t i ng 

res ponse oc :ai ned r�om this s imul a t i on anc the actual S R� r es ponse are 

com�ared an : shown !n F i g .  3 . 20 .  
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In conc lus i on , the appl i cation of the present ca lculat ional 

method to LOFT exper iments , LP-SB-2 and LP-SB-3 , shows that the method 

gives sat isfac tory simulat ions or the actual detector res ponse , and 

lends credence to the cal culational method that is further used to 

analyze the SRM res ponse dur ing the TMI-2 accident . 



- .  RES U�rS OF ANA�YS !S 

AI cseaor 1 beCS ln aect 1 on 2, the SRM �•ponae csur 1 n1 tne Tfo'.l-2 

ace 1 csent has been analyzed by a number or researcnera . • · • . � • •  Us 1ns 

tn. ac : � :  S�� �es �onse data , tnese analyses interpret tne core s tatus 

csur1�1 tne acc1 aent . For exaaple . wat e� leve ls CSur 1ns tne f i rst 1 7U 

�nutes 1 nto t�e acc 1CSen: nave been e s t i mated by use of this 

1nro,...t 1on . 1 !he SRM response rrom 1 7 •  to 225 minutes ancs beyoncs 

nave not . :-.o • e v e � , ::>een neutron! :a ! ly analy:ed in deta ! l . :.t ! s  

believecs that a core recon�� surat 1on could na ve occurred during tn � s  

t i M  per 1o4. 1 Therefore , tne S ?���� response rr om  � � �� to 225 minutes 

!s li kely to contai n ! ntorsation relati ve to the core reconr! �a t ion 

�� � ns the accident . S !�ce pr.v ious �ork nas snown tne :o��t rate to 

:>e very se�s ! t ! ve t o  t�e presence or ruel in :.ne l o•e� nead , such c. 

A ser 1es or neut�o�! cs ca!c�: at ! o�s using the ca:culat !onal 

�thod csescr !bed !n sect 1 o� 3 were �ade to est i mate core •ate� : eve !s 

anc: to eva!uate :ne !'lypothes!s of t ne �uel  rel oca t ! on during : !'le 

c�res or t�e count rate ! �  :ne SRM r es ponse � = �  t�e �e� ! od  �rom 3: 

:o 225 m! �utes after snu tdown . F�c� tnese �esults , a poss 1 � :e 

explanation �or : � e  : : served �es;o�se c �  tne oe: ec :o� and tne 

:c r.� ! t 1ons c f  :ne cc�e were : ne� � � �er!"'e! . � �� a r. a ! :: s ! s  usee: as 
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Amer i c i um-Beryll i um-Cur i um ( ABAC ) s tart -up sources . ' Or i ginally , 

there were two start -�p sources in the TMI-2 core , each with an 

es t imated strength or 1 . � x1 0 ' n/sec . The photoneutron s ource was 

obtained tor d if ferent t imes during the acc i dent by the calculational 

procedure descr i bed in subsection 3 . 1 . A f i ve-group cross sec t i on 

l i brary was collapsed from the VITAMIN-E 1 7� -group cr oss sect ion 

l i brar y . The DOT model and c�os s sect ion pre paration procedures were 

descri bed in subsect ion 3 . 3 .  The trans port calculations ut i l i zed the 

P , IS ,  appro ximat ion . 

To make maximum ut i l i zat ion or the knowledge learned about the 

acc i dent , the SRM res pon�e was not analyzed chronolog i cally . Since 

the SRM res ponse showed normal read ings at the beginning or the 

acc ident , the response before the attempted restart or a B-loop pump 

( i . e . ,  for t < 1 7 4 minutes , where t is the t ime after the r eactor · 

shutdown ) was analyzed f irst . Then , the knowledge about the end state 

of the reactor learned from recent defue l ing wor k  and analyt i ca l  

studies was used t o  analyze the SRM response from t • 225 mi nutes 

backward to t • 1 7 4 �inutes . The procedures or the present analys i s  

are summari zed i n  Fig . 4 . 1 ,  where the calculat ional se quence o r  the 

observed SRM res ponse , the reactor cond itions and /or system event on 

which the calculations were based , and t he parameters /quant i t i es 

determi ned from each calculat i on are g i ven s e quen t i a l l y . Th i s  f i gure 

also out l ines the rat ionale for the present anal ys i s .  I n  the 

fo l l ow i ng subsec t i ons , the deta i l s  of these ca lculat ions and the ir 

results are descr i bed . 
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- . 1 Ho mose ne ous Voi � !ng �c o e !  =� C < t < � oo Min ute s ;  

One -dimensi ona l  ( 1 -D )  ANISN 1 1  oa l ou lat1on a were use e  to dete rmine 

the e ttect ot homo,.ne ou. voi C1n l  on the so urce r an se moni tor in tne 

t 1 � periOC rrom 30 to 1 00 min ute s !nto the ac cident While the pri mar y  

coolant �uaps we re o perat 1 na . !he one-d imensiona l ANISN mode l is 

11 ven i r.  F1 g .  � . 2 .  

The perce n t  voided coo l ant n um ber den sit y u sed 1n t hi s  and a ll 

: �:e r c a l culation s  ia tha t  or sat urat ed l 1 qui c a t  the pre vailing 

�!=ary syst .. press�e . 

� 260 ppaB . 

The boron conce ntra tion was ke pt t !xed at 

Fi gure • . 3  sno ws t�e TM:-2 S� response an c t he ca lc ulate d no rma l 

shutd own curve �o� tne ti�st 2 �0 =!n�te s  into the acc !de nt . 1 rne 

calcu!ate c no rmal sh �:�o � c urve �as no rma !i zed t o  :�e o b se�ved 

� es�nse a s  ��!lo ws. A n ormal sh u tdown c urve was genera ted us!ng t he 

�e � � !stor y  an c shu tdo wn Ca ta tor �!-2 and the �P. ! �EN com puter co oe . 

:n or cer :c ver ! �Y the a ccurac y o� :he cal CUlated c urve ,  thia c urve 

was t ! �st :om�ed wi th the cat a �rom a sh utdo wn o r  7M: Whi ch oc cur�ec 

a wee k e ar l ! �. �e ca l culated c �ve was then co�pare � • ! t h  the �:-2 

ac ciden t  : at a  as e xtrac ted from t�e str i p  chart cata. • • . • •  :: was 

��und tha t  a s1 ce ��om a co nstant mu: t 1 p ! ! cat 1on ra ctor , tne 

:he o�e�1 ea : sh u tdo wn : �rve trac ked :ne ac: ! dent � ata up un� ! :  a �ou: 

�� cer:a ! � : ! es ! n  :�e  ca lc ula tion were acc ounte d � c � . �e se 

= �=;•� 1nl :�e act ua l  an � c a l cu la ted o r  pred !cte d  S �� re sponse 

7 3  
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throughout the acc ident . The agreement between the calculated curve 

and the acc i dent curve at 1 03 minutes confi rmed the assumpt i o n  that 

when all the primary coolant pumps were tri pped at 1 00 minutes , 

essentially complete phase separat i on occurred . The phase separa t i on 

caused the core and downcomer to be temporar i l y  f i l l ed with water o r  

very low or n o  void fract ion . The sa� sensed the normal hydrau l i c  

cond i t i on in the vesse l at t h i s  moment . 

Pr ior to the t ime the pr imary coolant pumps were tri p ped after 

the reactor shutdown , the SRM res ponse began to deviate from the 

normal shutdown response at between 20 and 25 minutes . Thi s  was 

appar ent ly caused by flushing of water conta ini ng vo i ds into the 

reactor vesse l . For the purpose or th i s  study , the voi ding dur i ng 

this t ime is assumed t o  have a homogeneous vo i d  d i s t r i bu t i on in the 

vesse l . 

A summary or the one - dimens ional calculat i ons performed t o  

examine the effect of homogeneous voi ding o n  the SRM r es ponse is shown 

in F i g .  4 . 4 .  Two t ypes or neutron sources , namely photoneutrons and 

the s tart-up source were used in these calcul at ions . The str ength or 

the start -up source was kept constant throughout the calculat i ons , 

because �he half li ves or the rad ionucli des are much gre ater than the 

time per i od invo lved . 7he s trength or the photon eutron sour ce was 

t ime dependent an d was decreased by a �actor or ( 1-a ) as the vo i d  

trac t i on a increased . 7he energy spectra , as shown i n  7ab l e  4 . 1 ,  o! 

these two sources are �U i te d i fferen� . Most cf the ne�:ror.s �r·om :he 

start -up sour ce are born in Group 1 ,  whereas mos t o! t he pho toneu:r ons 

are born in Group 2 .  7he importance o f  the star t -�p source : o  ��e s �� 

res ponse then depends on the relat i ve s trength o f  the start -up source 
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TABLE 4 . 1  
Energy Spectra of Pho toneutron Source and S tart-up Source 

Upper Energy 

Croup Bound ( MeV ) Photoneutron S ta r t -up Sour ce 

1 . 0000 X 1 0 I 11 . 66 X 1 0 - - 0 . 97 11 11 2  

2 8 . 2085 X 1 0- 1 0 . 999 5311 0 . 02558 

3 5 . 5 308 X 1 0 - 3 0 . 0  0 . 0  

4 1 . 85511  X 1 0 - ' 0 . 0  0 . 0  

5 6 . 211 9 3  X 1 0 - " 0 . 0  0 . 0  � 



as oomparea � 1 :� t �e �hotoneut�on sou�ce . Hence , the nomoaeneous 

Y0 1 � � na calcul at 1ons were p•rtormea w1tn tne start -u� source atrenath 

kept constant ana the photoneutron source atrenath at 30 , 60 and 1 00 

mi nutes i nt o  the acc i dent , res pect i ve ly . 

!ased on coapari son w i th actual SRH aata , • • . • •  the observed 

�esponse was about 1 �  t 1 oes h 1 ;her than the norma l shutdown response 

; �s: �tore the loop-A �umps were t � ! pped a t  about 1 00 minutes i n to  

the acc ident . From the neutron i cs analysis usi ns the nomoseneous 

moael , ! t  ! s  est imated trom Fig . • . �  that the core was approx imately 

•51 Y01C.G at th!S ti .. .  

� . 2  In i t ! a l  Core �eat-Up �esponse ( 1 00 < t < , � � � ! n ) 

approz !mate!y :ne f i rst 1 0C m! nutes 1 �to  :r.e acci dent when t�• �r !mar y 

coo!ant ;umps remained !� operat i o n . After the pum�s were s toppe� . 

:�e ooo!an: ! n  the core cont i n�ed to bo i! , � esul t ! ng !n a l ess or t�e 

coc!ant and �here�y reduc :�s tne wat er l eve ls ! �  the core ana 

downcome� - S ! nce � c � : i �g ! s  ass�ed not to occ� ! �  t�e �ovncomer 

reg ! c� . the �o� co�� water level 1 s  l ower than � he core •ater level 

·�• � ��e eore !s ��cove�ed ( see F � gure � . 5 ) .  �us , the �art 1ally 

e%; t 1 e� aowncomer prov : �e s  an uns � ! e lded s t �ea� 1 ng 'ath c �  vary !�S 

s ! te !or ��e �eu:���' to leak out c� the core . 

s � : �  ! :1  : 1 1 .  3 .  � 1 was used :-or- core u:1:overy and � '.Je :  :-e : oc a � 1 on 

ana : yses . 

-
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A DOdel or the core vo i d  tract i on d i s tr i but i on as a runct lon o r  

a x i al � i tion was obtained rra. NSAC-28. 1 Th i s  model e xpreaaed the 

oore YOiCS t'racuon in teras ot the he 1 1h t  Z ,  above the bOt ta. o r  the 

core , u 

Q c : >  • o . o•5 • o . o2• z • o . o66 e � c - c z-o . 9 ) t 1 . 3 J  

• :l tor : <  2 �t , 

tor Z> 2 tt , c � . n  

Vhere Q 1 s  the core Y01d tract i on and z 1s 1 n  teet . The average vo l �  

tract ion 1 n  eaCh core rea1on was calculated by l ntegratlns Eq . ( 4 . 1 )  

over the he l lht or each rea1on and then d l v !dlns �Y the he 11ht or the 

reston . 

? ,  the �re v� l d  �ac t i on obta i ned by the &Dove procedure and no 

voi ds are assumed 1n the �owncoaer , the hydrostatic pressure ba:an ce 

�tween the core ! ! �� 1 d  and tne downcomer l l �u 1 �  requ ires a one-to-one 

correspondence between the two water � eve ! s .  �e va� 1 ous core water 

l eve :s and the cor�espond lns downcomer water leve ls are g i ven 1n Tab l e  

• . 2 .  �e calculated core �u! t ! pl 1 ca t 1 on factor tor each core water 

leve l 1s a lso g l ven 1n the �ab l e . 

�o-d 1=ens 1ona : calculat i ons were �er �ormed t:r var i ous core 

water levels rrom full ( 365 . 76 em ) to 30 . �8 c� , , �oo t ) &Dove the core 

�t t om  w ! �h t �e ��otoneutr�� � � ��ce s � �eng�n at � 00 ,  ' 4 8 �� � , - �  

= � ��tes , �es pect ! ve ly . The ea l :� ! 3t e �  � � � � l t s  are s how� � �  F ! g .  � . 6 .  

� res�lts shown 1n F ! g . 4 . 5  1nd 1 eate t na t  : ne s �� � es ponse 

··-:: � : "!  � :'lc� ease by a !'ac t o r  or a::l o '.J t  ' 1  Vhe:'l the core ! s  r 1 �s :  

��covered . !he , :;, served S�� response � �� 1 :'\g t he � : - 2  ICC 1 �er.t , 

as sr.own ! n  � � � .  � . 3 ,  i ncreased � Y  a �act o �  o r  aDout 1 1  at a � J u t  l � �  

-
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TABLE 4 . 2  

Re lat ionship Between Water Leve l in the Core and 
Water Level in the Downcomer 

Core Water Leve l 
Above Core Bottom 

( em )  

365 . 76 * 
304 . 88 
24 3 . 84 
1 82 . 88 
1 2 1 . 92 

9 1 . 4 4 
60 . 96 
30 . 48 

* Top o f  the Core 

Downcomer Water Level 
Above Core Bottom 

( em )  

300 . 84 
257 . 59 
21 2 . 54 
1 64 . 59 
, , 3 .  90 

87 . 6 3 
60 . 96 
30 . 4 8 

Kerr 

0 . 9 1 80 
0 . 8850 
0 . 88 4 2  
0 .  8838 
0 . 8758 
0 . 8696  
0 . 8247 
0 . 7776 
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minutes i nto the acc i dent . This observation suggests that core 

uncovery occurred at th is time .  Based on the prev iously ment ioned 

assumption , th is result agrees w i th the predi ct ion or the thermal 

hydrauli c  analysi s . 2 

The calculated results were used to es timate the water levels 

dur ing the per iod of 1 00 through 1 74 minutes . The est imated core 

water leve ls are compared with pred ictions of the thermal hydraul i c  

analys i s  in NSAC-24 2 and the prev ious SRM analys i s  i n  NSAC-28 3 in Fig . 

4 . 7 .  

The water leve l es timated in this wor k was about 9 1  em ( 3 . 0 feet ) 

above the bottom of the core at 1 74 minutes j ust before the B loop 

pump was turned on . However , it is believed that the - actua l  water 

level wa! probably lower . The above analyses were based on an intact 

core geometry and no core damage was assumed . Accord ing to a thermal 

hydraulic analys i s , control rod materials could have begun to me l t  and 

flow downward at about 1 4 5 minutes i nto the acc ident . ' ' Based on a 

sens i ti v i t y  analys i s  performed as part of thi s  wor k ,  a par t i al absence 

of control ro� mater i al in the core region would cause the neutron 

mul tiplication to increase and the SRM res ponse to corres pond ingly 

i ncrease . Hence , the water level should be lower in order to 

compensate for the increase in the SRM response due to a decr ease in 

control rod mater ials . A more deta iled d i scussion will be presented 

in the next sub sect ions . 
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4 . 3  Core Relocation Analysis ( t  • 225 minutes ) 

The increase in the SRM res ponse at 225 minu tes i nto the acc i dent 

is be lieved to be due to the relocat ion or the damaged core while 

reaching its f inal s tatus . The end-state cond it ions of the damaged 

core are known and have been modeled appropri ately . 3 0  Hence , 

performi ng the analysi s backwards from 225 to 1 74 minutes should be 

the better approach to analyze the SRM res ponse in this t i me per i od . 

The known post-accident end-state of the damaged core is shown in 

Fig . 4 . 8 .  About one -third o f  the ori ginal fue l  in the upper core 

region is no longer there : a voi ded cav ity was formed in thi s  region . 

A rubble bed is resting on top or the exist ing core with about 1 0  to 

20 tonnes of fuel res i d ing on the vessel bottom . ' 

In earl i er work ,  the end-state cond i tions of the damaged core 

were mode led to analyze soli d-state track recorder measurements of 

neutron levels in the a ir gap of the TMI-2 reactor . 1 ' • 1 0 Thi s  

analysis pred i cted the presence or fue l  in the lower head with the 

best estimate or 1 0  tonnes . 1 0 The predi ct ion was in fact subse quent l y  

confirmed by video ins pection of the lower head . The mode l used is 

gi ven in Fig . 4 . 9 .  The under lined numbers denote the fuel volume 

fracti on in the region . The normal fue l vo lume fraction !n the TMI 

core is 0 . 3 1 . The ratio of the volume of clad , structure , control raj 

mater ial , etc . to the volume of fue l in all damaged fuel zones i s  

always set equal to that ' o f  the intact co �e . Coolant at 90° F  and 

atmos ?her i c  pressure w i th 3300 ppm 9oron was placed in the volume of 

the fuel containing zones not containing so l i d  �at er i al . 7h i s  �odel 

was used as the first step to analyze the SRM res ponse at 225 minutes . 



Figure .:. . 8 .  
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However , the ca � culated SRM �eaponae based on th 1s model was too h 1 gh, 

ooapared w 1 th the actual res ponae at 225 minutes . 

Usina this 2•0 end-state DOT model wh i ch had about 1 0  tonnea or 

tue !  1n the lover head and not i na that both the core and the downcomer ' 

were completely � illed with water ( wi th no voi ds )  at th is t i me , the 

only var iable ! �  ca lculat 1na SRH res�onse was the amount or contro l 

ro4 mater ials i n  the lover head . It was a lso noted trom our prev ious 

stud y ' ' that the neutron source exist ina in the lover head makes the 

doainant contr i bution to the SRM response at that t ime ,  and that an 

increase ! �  the con:rol rod mater i als t n  the lover head could reduce 

the SRM �esponse . Hence, a se� ies ot calcula t i ons were then performed 

that used tne model shovn in Fia . • . 9  vi tn d i tterent quant i t i es or 

control ro! �ater1als i n  the lo�er nead . �e� the calculated SRM 

response was com�ed wi th the actua l read !nl at : > 227 mi�utes 

( point � 1n F11 ·  � . 3 ) ,  1: was deter=!ned that about 801 or the contro l  

roc mat er i al vou ld have re located t o  the lower head. The :aloulated 

resu l ts a lso snowed that tne J um� in the SRM res �onse at 227 �inutes 

oould be expla !ned by th is relocation or 1 0  tonnes ot fue l  at tnat 

As j !s oussed 1n t ne tol lov1na sect ion . the cor.t ro l  �od �ater ial 

�� arated slowly trom the core . � i s � ! g�at ! on began ear l y  on i n  the 

ao : 1 �ent ( at about � 2� � ! nu tes ) as soon as tne t emp4ra t ��es �•acne� 

The �ex: step was to deter� ! ne t �� core status • �  200 �1�utes 
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into the acc ident when the High Pressure Inj ect ion System ( HP IS )  was 

initiated . Since the . TMI-2 ex-core detectors showed nearly the same 

behavior dur ing the t ime per i od or 1 7 4  to 200 minutes as duri ng the 

period or 1 00 to 1 74 minutes , further ruel relocat ion probably did  not 

occur dur ing this per iod . Hence , the physi ca l  configurat i on or the 

ruel and core structural mater ial at 200 minutes is be l ieved 3 7 to be 

the same as that at 1 74 minutes j ust after B-loop pump was turned on . 

The zircaloy cladding in the upper region or the core is beli eved 

to have become h i ghly oxidized and embritt led by 1 74 minutes j us t  

prior to s tart-up o r  the B-loop pump . 1 ' Turning on the B -loop pump i s  

thought to have thermal-shocked and embrittled the rue l rods . This 

shoc k  could shatter the oxidi zed fue l  rods i n  the upper core region 

and result in a debris reg ion . Fig.  4 . 1 0  shows the core configuration 

as i t  i s  thought to have existed after 1 74 minutes . The corresponding 

DOT mode l is shown in Fig . 4 . 1 1 .  The underlined numbers in each core 

region g i ve the fuel volume tract ion in that region . 

At 200 minutes , initiat ion of the HPIS pumped water into the 

•essel and snortly thereafter fi lled tne downcomer region . The e ffect 

of thi s  fill ing can be seen as region L of Fig . 4 . 3 . Several core 

water leve ls and d i fferent amounts of tne control rod mat er ials los t  

from the core region were assumed to determine the possible status at 

th is point . In this analys i s , the control rod mater i als were 

arbitrar ily placed in the lower head . Th is was done to pro perly 

account for observed SRM res ponse at 225 minutes . The calculated 

results ar e g i ven in Fig . 4 . 1 2 . Here , the vertical ax i s  is the rat io 

of the SRM res ponse to that of a full core with the geometry in F i gure 

4 . 1 1 .  As shown in Fig . 4 . 3 , the observed S RM  res ponse j us t  after the 
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HPIS refi lled the downcomer ( i . e . ,  the point at the beg inn ing of the 

labelled region M in Fig .  4 . 3 )  was a factor or about 5 . 3  larger than 

that of the normal shutdown value for a core as given in Figure 4 . 1 1 .  

Figure 4 . 1 2  shows that the water level could be in the range or 38 to 

61 em above the bottom or the core with 60 to 80% or the control rod 

mater i als in the lower head j ust a fter initiat ion of the HP IS .  

Since initiat ion o f  the HP IS pumped water i nto the downcomer , t he 

physi ca l  geometries and water levels i n  the core should be the same 

j ust before and after the HPIS was turned on . S ince there could not 

be an instantaneous change in core water level , the only d i fference 

between those two points would be the downcomer water l evel . The 

downcomer was assumed full and the �ater level in the core was assumed 

to be the same as that in the core before the HPIS was turned on . 

These calculat ions were then repeated with an emptied downcomer to 

s imulate the status j ust before the HP IS was initiated . The results 

of the calculat ions are shown in Fi g .  4 . 13 .  As shown in F i g .  4 . 3 ,  the 

· observed SRM response j ust before the HPIS was turned on ( i . e . ,  the 

poi nt at the beginning of the labelled � region ) was larger by a 

factor of about 70 than the normal shutdown value for a core as 

confi gured in Figure 4 . 1 0 .  Figure 4 . 1 3 shows the pos s i ble s tatus at 

thi s  moment . The core water level could be between 42 to 6 1  em with 

30 to 80% of the control rod mater i als absent from the core . 

For the reasons stated in the preceding paragraph , in order to 

have cons i stent count rates both be fore and after the HP IS was turned 

on , the core water level and amount of control rod mat er ial in the 

lower head mus t sat i s fy both the curves in F i gure 4 . 1 2  and the curves 

in Fi gure 4 . 1 3 . Namely , the observed SRM count rates at both the 
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beginning o f  reg ion L and the beginning point of region M in Fi gure 

4 . 3 provi de two cond it ions for uni que ly determining the two var iables , 

i . e . ,  the core water level and the amount of control rod material in 

the lower head . 

A compar i son of the curves in Figs .  4 . 1 2  and 4 . 1 3  shows that an 

intersect ion occurs at the water l evel 46 em ( 1 . 5  feet ) with 70% of 

the cont rol rod mater i als in the lower head , as shown in F i g .  4 . 1 4 .  

These calculat ions suggest that at 200 minutes into the acc i dent the 

core configurat ion would look simi l ar to the mode l shown in Fig . 4 . 1 1 

with the water level at the hei ght of about 46 em above the bottom of 

the core and with about 70% of the control rod mat eri als in the lower 

head . 

The last s tep was to analyze the core s tatus at 1 74 minutes j ust 

before and after the B-loop pump was t urned on . Si nce i t  is be l i eved 

that the zircaloy c ladd ing began to melt at about 1 5 0 minutes i nto the 

acc i dent , 1 6 the molten z ircaloy would react with the U0 2 and d i s so l ve 

some of the U0 2 in the li qu i d z ircaloy . Mo lten zircaloy and li que fied 

fuel would then flow downwards , freez ing near the cool ant s urface in 

the lower por t ion of the core . Fi g .  4 . 1 5  shows the est i mated core 

confi guration at 1 74 minutes j ust before turning on the B-loop pump . 

The corres pond �ng DOT model i s  shown ! n  Fi g .  4 . 1 6 .  Aga i n , the 

under lined numbers denote the f ue l  vo l�me fract i on in the �egion . 

A ser ies of calculations that used the mode l shown in Fig . 4 . 1 6 

were made to determine the water level j ust before the B-loop pump was 

turned on . These calc�lat ions as sumed 70� of the control r od 

�at er i als in the lower head , wh ich was the number obta ined from the 

analys i s  or SRM response at 200 m i nutes , w i th d i f ferent wat er leve ls 
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in the core reg ion . The calculated results showed that the wat er 

level at this moment was about 61  em ( 2  feet ) above the bottom of the 

core . 

Arter the B-loop pump was turned on , slugs of water were pumped 

into the vessel . It was est imated that about 1 , 000 cub i c  feet of 

water could have been pumped into the vesse l . 2 Th is volume o f  water 

would be suffic ient to fill the downcomer - However , the flowmeter in 

the hot leg showed that the pump operated effi cient ly for only about 9 

seconds and then began to pump steam voi ds into the vesse l .  Hence , it 

is be lieved that the downcomer at this moment was not completely 

filled with the fluid , and in fact should conta in some vo i ds . 

The mode l shown in Fig . 4 . 1 0  ( wi th core water l evel at the hei ght 

of 61 em ( 2  feet ) above the bottom of the core ) was used at t� is po int . 

Cal culations were then performed by the authors to determine the 

coolant s tatus , i . e . , the vo i d  fract ion , in the downcomer . The 

calculated results show that about 1 4S of voids existed in the 

downcomer j ust after the B-loop pump was turned on . 

Fig . 4 . 1 7  summar i zes the water level as determined by th i s  study 

and compares it with those given in NSAC�24 and NSAC-28 . Thi s  � i gure 

shows that the NSAC-24 results tended to overest imate the water 

inventory dur ing much of the acc ident when com?ared w i t h  the 

neutronics studies . The reason for the d iscrepancy : s  not known , but 

it  may �e due to assumptions made ln the NSA :-24 ana lysi s on make-up 

flow dur i ng the ac c i dent � 
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4 . 5  Uncertaint ies 

A key poi nt remaining to be addressed is what is the uncertainty 

assoc iated with each of the parameters determined from th is study . To 

quant ify these uncertaint ies requ ires that the adequacy of the 

methodology and the val id ity of the assump tions be addressed . In thi s  

section , es timates o f  the uncerta int ies relat ing t o  voi d  frac t i on , 

leve l ,  and t ime of fue l re locat ion are developed and e xami ne d . 

4 . 5 . 1  Void Frac tion Uncertainty Dur ing 0 < t < 1 00 Minutes 

To asses s the uncerta inty in the homogeneous vo i d  fraction 

est imates during the f irst 1 00 minutes , a compar i son with LOFT data 

was conducted . Exper iment LP-SB-3 essent ially dupl i cates the TMI 

accident , i nclud ing both the pumped homogeneous void formation per i od 

( t  � 1 00 min )  and the core uncovery per iod ( 1 00 < t < 1 7 4 �in ) but on 

a somewhat d ifferent t ime scale . • • - • �  Since both dens ity  and level 

data are ava ilable as we ll as a trans port analysi s of the LOFT S &� 

response , this compar i son allows for exper imental ver ificat ion o f  the 

method and assumpti ons and an es timat ion of the uncerta int ies . 

Fig . 3 . 1 7  shows a compar i son of the cal culated cold leg dens i t ies 

obta ined dur ing LOFT exper iment LP-SB - 3 from gamma dens i tometer data 

with that obtained from analysis  of the LOFT SRM response . 

Examinat ion of the data in Fig . 3 . 1 7  shows that the neutroni cs 

analysis tends to underest imate the void fraction by vary ing amounts . 

For the per iods around 1 1 00 seconds and 1 600 seconds , the neutron i cs 

ro2 



analy s i s  unde�eatlaates �he �easured vo id rraot lon by about 1 5 1 .  F� 

the pe� iod around 1 300 seconds , the�• ia ve�y l i t tle d iac�epancy 

between the ... sured and calculated dens i t i es .  Th ia susaeata that the 

neutroni cs anal ys t s  intrOduces an error or between 0 to 151 1n the 

vo i d  �ac t i on es t imat es . 

To und�stand the o� i sin o r  the error , the 1 -0 Standard L18ht 

Water Reacto� Problem • •  was used to cal culate the res ponse or a 

hJl)othe t i ca l  TMI detector ( tne s tandard probl• does not i nc lude such 

a detector ) .  The probl .. was r t rst r un  usins the very tine neutron 

ener11 croup structure or V ITAMIN-c . • •  Th is group structure cons ists 

or 1 7 � neutron eneray aroups . Cross sect ions tor the problem were 

also sen�ated us i ns the VITAHI�l-J.: l i brary . 

The SIRe ca : cu l a: ton was then performed us i�g the f i ve neutron 

energy groups descr 1 oed in Sec t i on 3 . 3.2 . Both the t ! ve group 

response and the t! �e group problem were done w i tr. �� voi di ng ! n  the 

cere and dOvncomer. �e ca lcu l at ions were then repeated tor vo i d  

trac t !ons c !  201 , 5�' and 801 . tach or tnese res u l ts were norma l i zed 

to the �� vo i d  r�act i on case �or both the 5 -group and t �e 17 1 -group 

cases . S i nce i t  was thought that the most l i ke l y  cause o r  t�e 

uncerta int y  was 1n the �se or on : y  rt ve groups ,  the ( Y , n )  source in 

t�e water was omi t ted . The results are shown 1 n  Tab le ij , 3 .  

Examination or t he results in Table ij. 3 revea :s that : he 5 group 

ca : cu : at !ons overest � �a t e  t he count rate ��r a g i ven vo i d  tract i o n  

compared �1th tne , � , �- : �p calcu l ation . The errect o r  t� ls 

overes t 1 :late o� t :'le es ti::a: e � n ! �  tr ac t i on would be to u� ! e - e s t l mate 

: ne void rract ! ::l ., . .\ rev ! ew c r  the r ad ! a l � ! � x  prot 1 l es ca : c·.J l at.ed 

us !ns t!':e 5 group � l ·.Jx snows that the 5 r-oup c a l culat ! ons 
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TABLE 4 . 3  
Relat i ve �RM Count Rate vs . Voi d  Fr"act i on 

for" Standar"d L i ght Water" Reactor" Pr"o blem 

Relat i ve Count Rate 
1 7 1 G!'"oup 5 G!'"oup 

2 . 89 

1 7 . 9  

202 

3 . 4 4 

26 . 7  

329 
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underestimate �ne tota l tlux at the detector tor 01 vo i d  tract ion when 

co.parec to the 1 71 rroup calculat ion . At prorreasl ve1y hlsher void 

rract tona , the underestimate decreases .  Thus the relat i ve chanre 1 �  

SRM response tor a ri ven chanre i n  void tract ion i s  larser i n  the 5 

,roup case than in tne 1 7 1  sroup case . It appears then that the maj or 

souree or uncertainty in tne void  tract ion est imates ia  due to the uae 

or a coa�se 5 rroup ene�gy struct ure . 

3as&d stri ct!y on the results or these 1 -0 calcul ations ,  the 

underest imate at 501 vo i d  traction could be as mucn as 501 . The �OFT 

results tro. e xper iments LP-SB-3 and LP-SB-2 , however , do not support 

th ! s  larse an uncerta int y .  

A -�re reasonable approach to est imate the uncerta inty is t o  

: o=pa�� �C� � ata wi th est imates o r  the void tract ion during t�e 

e�r i�r.ts as ee �•�� !nej  �om t�e SRM response . ! r  one examines F i g . 

3 . 1 1 ,  cne t!ncs that t�e �re�icted void tract ion at 1 600 seconds j ust 

� r � :� to �� ! �; i �g  ot the �OF! coolant �mps is  a�out 5 9 � . The 

neutroni :s analysis y ielded a value or 5 � ' wn i c� i s  a�out 9' lower 

tnan tne measured va !ue . Since the sace assumptions and methods were 

app l i ed to analy:e tne �OFT data as in t�e �I analys i s ,  t�e 

�ur i r. g  t �e �I acc i dent ( � 00 �1n ) . it  was stated 1n Sec t ! c r. � . 1  �hat 

t:-te max !�WII nomogeneous vo ! l r� a : :  � :r. ! n  the :� : core eo� as .. ; 1 .  '.is l �; 

�n. est 1�ted unce�ta ! nty developed ��o� ��:r . t�e � =  vo ! j  tract i o� 

! eve : l .  3asea or. th i s  a ; ; �oach , the �ax im� vo1 �  � � a c t ! on �ur lng t �e 

acc i :ent '.lOu : ! t :".'!� :>e 145 : � l .JS S �  &n j :-:in'.l�  �' · 
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4 . 5 . 2  Level Uncertainty 

Fi g .  4 . 1 6  shows the water level as determined by this s tudy 

compared to that quoted in NSAC-28 1 from analysis or the SRM response 

and that determined from a thermal hydraul i c  analysis descr i bed in 

NSAC-2 4 . 2 To est imate the uncertainty in th i s  analys i s ,  the results 

of ca lculat ions to estimate core water level dur ing the LOFT 

exper iment LP-SB-3 were compared with t he measured LOFT vesse l  water 

level as determined from in-core thermocouples and conducti vity probe 

data . Fig . 3 . 1 9  compares the vessel water level determined from the 

neutron i c  analysis with the measured values . 

The largest d isagreement occurs at 4000 seconds , shortly a ft er 

the core beg i�s to uncover . At that point , the �eutroni cs an�lysis 

suggests a water level of 1 70 em , compared with a measured l evel of 

1 50 em , about 1 3% too high . Once the water level has dropped tc the 

core m i dplane , there is very little ( <  5 % )  d isagreement between 

calculated water level and the measured level determined using the 

thermocouple data . The bubble plot data suggests a somewhat l ar ger 

uncer ta inty . par t i cu lar ly near the end o f  the trans i ent . For example , 

at 5000 seconds , the level based on the bubble plot data i s  about 40 

em compared with 20 em as determi ned from the neutron ics analysis . It 

shoul d be po inted out , however , that the conduc tiv ity probes are 

thought to be cons i derab ly less prec ise than the thermocoup les . - 0 As 

a result , a better indi cat ion of the error i s  ob ta i ned by compar i son 

with the theriliocouple data . Based on t � is compa r i son , the error i n  

the water l eve l i s  most l i kely no greater than about �lus 1 5% and 

minus 0% . 
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Re rerr ! ns to Fls . � . 1 7 ,  one tinda that· inc lud ins an uncerta inty 

or 151 1n the water level determined by this study brackets both the 

NSAC 28 and NSAC 2• est imated water level at 1 1• mi nutes . When the 

water leve l l a  near the core mi dplane , the NSAC 2• ra l ll outside thi s 

unce��aint y .  There the NSAC 2 �  thermal hydrauli c  ana l ysis yields a 

water l evel consi derably hi aner than e i ther the NSAC 28 results or the 

rind incs or this wor k .  The source or t h is c isaareement i s  un known . 

Slnoe the LOFT results are reproduced very well at a comparable point 

in the LP-SB-3 e xper l .. nt , one m18ht suspect an error i n  the thermal 

hfdraul i c  anal ysis ot NSAC 2� . 

� . 5 . 3  Fuel Relocat ion ��alys i s 

�� Sect i on ' · 3 •  it  was stated that the core re located to the 

lower head at 2 2S s1n , produc ing the sudden abru�t inQrease in the SRM 

�es ponse �•corded at that t i me . � is hY?Othe s 1 s  was �sed on several  

ractors . 7he � ! �s t i nvol ved the nature or the change ! n  SRM res ponse , 

the second invo l ve� the nature or the reactor s yste� pres s ��e anc 

i ncore ! natrumentat ion res ponse , and !aatly , the resu : � s  ot the 

dearaded core t�erma! analysis suggest ing tne degraded core to nave 

occur�ed by 22�  m ! nutes as well as neutront cs calculat ions assuming a 

!&ma.aed core . 

!he S ?.� res �onse increased b y  a ract� or at least two 3 �  22� - :25 

� ! n . � ! s  a orupt sn i rt !n S R� � esponse cot n: ! ded w 1 � n  a sudden 

: :-.c�ease ! n  t !'\e � � 1aaary system tempera�ure and pressures . ;.. va � 1 e t :: o r  

causes nave �en postulated ror � � ! s  event , ! nc ! u� ! n g  loss or one or 

!!lOre co -: :. �c l :""Oda rrom tne core , massi ve rue l /c lad da::age �esult ! ng ! :1  
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rue l compac tion , and movement or fuel mater ial into other reg ions o f  

the reactor vesse l . 1 

NSAC in NSAC-28 ' d iscounted the first of these hypotheses since 

their analysis showed that the loss of all control rods would produce 

only a 60� rise in SRM res ponse . They a lso d iscounted the second or 

these possible causes based on 1 -0 ANISN calculation or the core 

multiplicat ion . The ir results showed a decreas ing mult i pl i cat ion 

factor with increased fuel volume fraction . These results are in 

conflict with those found by B&W . � 1  The B&W analysis found that kerr 

would increase with increas ing fuel volume fract ion until a volume 

fract ion of about 0 . 45 was obta ined ( nominal fue l vo lume fract ion is  

approximately 0 . 3 ) .  

To reso lve the d iscrepancy between the B&W and NSAC results ,  a 

ser ies of models were constructed i n  Which the core was compacted to 

vary ing degrees . The results or these calculat ions d id not ind i cate a 

doubling of the sa� res ponse . Only when the fue l  was relocated t o  the 

lower head were increases of that order obta ined . The only similar 

changes in SRM response were those produced when the core or downcomer 

were suddenly flooded . In those cases , the SRM res ponse dropped 

abruptly . To obta in the sudden upward j ump in SRM res ponse as 

observed would re quire nearly the ent ire downcomer to suddenly empty 

and remain empty . Since such an event is extremely un l i kely and 

inconsistent with the observed hydraulic data , it can be read ily 

d iscounted . 

3ased on these res ults and those or NSAC , the only plaus i �le 

cause or the SRM j ump is in fact fue l  re locat ion between 224 -225 min . 
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5 .  CO��.:�US IONS ANO RECOHHENOATI ONS 

5 . \  Conclus ions 

The source �a�ae �n i :or response dur i ng the TMI-2 acc ident was 

analyzed by i ncorporat !ns the knowledse learned about the end s tate or 

the d&a&ged reactor rrom �•cent stud ies and corre l at ins the known 

systea events dur ! ng t�e acc i dent to the S RM  response . �any cruc i a l  

para�eters re lat i ve t o  the core cond it ions and coo lant status were 

quantified in ��e present neutroni c  analy s is prov i ding benchmar k s  tor 

the deve lo�: and ve� � r icat ion or a bes t -est i sate acc ident 

progress i on scenar io .  

Based on the present ana l ys � s . the � nterpretat ion or the SRM 

�esponse ! � i na the � i � s t  � hours of the acc i dent !s as fol lows . 

The o�served SRM � es ponse began to dev i ate �rom the normal 

snutdown res �se at about 25 mi nu tes a �:er shut�own . Th ! s is due to 

bu i l dup or the voi js !n the core anc downcomer reg !ons . As t ime 

e l apsed , cont ! nuec loss o r  : he primary coo lant through the ra i l ed  

�lock val ve led t �  the i ncreased vo i j tract i on anj i ncreased S RM  

response . �: 1 00  minutes , J ust be fore the A-loop primary coo lant 

pumps were turned or� . the void trac t ion i s  est imated to be about � 5 1  

• S ��d -�� !� the ves se l �sed on tne neutron ! :s ana l y s ! s .  

:',.;r:-: ! :-: g  ott the A - loop pumps causec a ·  se;:>a r a : !on ;, �  voi � !  to the 

�?� reg ! �r.a ot :ne vesse : .  Since t�e coo l ant �as s ! � v� � : �ry wa s 

su� � ! : !ent to cover :he core and downcomer at t� !s ? � i � t . tne =ore and 

���c��er were � 1 l l ed  w ! t h water . :�e � e � : � � . tne S �� sen se� t � �rma l 

ther� : hydra�lic conc ! t ion and i ta �es ponse dropped to a norma l 
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As the water cont inued to boil orr , the downoomer water leve l 

dropped to a level lower than the corresponding two-phase mixture 

level in the core due to s tat io pressure equil i br i um .  The emptied 

downoomer region then provided an unshielded s treaming path ror the 

neutrons to leak out or the core and caused the SRM res ponse to 

increase . The core probably began to uncover at about 1 1 0 minutes 

into the acc ident when the SRM res ponse showed an increase by a factor 

of about 1 1 .  

The leveling orr of the SRM response at about 1 40 minutes was due 

to the shielding effect be ing counter-balanced by a decrease in the 

neutron source caused by a reduction in neutron mult iplicat ion as the 

core uncovered further . At 1 7 4 minutes j ust before the B-loop pump 

was turned on , the zircaloy cladd ing in the upper reg ion of the core 

should be highlY oxidi zed , set t ing the stage for suQsequent 

embrittlement when cooled . A mo lten zone of zircaloy and liquefied 

fuel would exist in the central �egion of the core . The water level 

was about 61 em (2 feet ) above the bottom of the core and about 70% of 

the contro l rod mater ials should have been removed from the core . 

Turning on the B-loop pump at 1 7 4 minutes shat tered the oxidized , 

em�ri tt led fue l  rods in the upper core reg ion and resulted in a debris 

reg ion with a voi ded cav ity overhead . The downcomer was filled wi th 

water containing about 1 4 % of vo i ds .  The SRM response decreased b y  a 

factor of about 1 0  at th i s  moment . Thereafter , the downcomer water 

flowed into the core reg i�n and was boi l ed off . The S&� sensed a 

decrease in the shie l d i ng e ffect and the res ponse increased again . 

At 200 mi nutes into the acc i dent , i n i t i ation o f  the H? IS f i lled 

the downcomer and caused the SID1 res ponse to decrease by a factor of 
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ab�t ' : .  At 225 a1nutes � nto tne acc ident a port i on or the molten 

:one i n  the center or tne core apparently broke throuan the 

surround inc crust and about 1 0  tons or tne molten tue l mater ials 

re located to the lower head . 

Baaed on the es� iaat ed progression ot the acc ident . the SRM 

response tor t �e t1rst 225 m i nutes dur i ng the acc i dent can then be 

�cons tructed . The best es t i mate SRM response using the neutroni cs 

analys ! s  ! a  snown in F i g . 5 . 1 .  As can be seen by compar ing F i gure 5 . 1  

w ! th the observed S� response shown in Fig . � . 3 ,  all the aaj �r 

features or tne response nave been accounted tor . I t  i s  noted that 

tne above i nterpretat ion developed rroa an analysi s  � r  the SRH 

response ! a  cons i s tent � � :n :ne acc i dent scenar io env i s i oned by the 

Acc ident E.aluat i on Pro1ram o �  tne �E . Th is study tnus prov i�es a 

sem! - independent ver � � i ca t ! �n o� tne ; ostulated s cenar i o  . .  

5 . 2  Reca..enda t i ons 

�� ! l e : �e wor k �e ported ne�e :o�� e c ts a number o �  snortcomings i� 

prev ious stud i es an� includes knowledge only rece n t l y  ava i l able , there 

sti l l  reaa in a number ot �r8SO !Yed Ques : ions . For e xample , wna t  ! s  

the e �tect �r a vary i ng ! evel ! n  tn e  core bypass reg ion on s�� 

� � s ;or.se ? :n t � ! s  and a : :  �rev ious stud i es ,  :n !s reg 1on �as 

h0mc1en � zed w i tn tne �c ��a ! :ore reg ! on . :homas · a  has suggested : � a :  

t�e �o�e �ypass reg ior. • ! 1 1  �ot �ave : �e sa=e : � v � l  as tne c : � e but 

r a : ner •! : !  act more l ! � e t�� jownco�er . ueta 1 : e �  � y craul i c  s : uj ! es 

are requ !red to  reao : ve � � � • � � acrepan c y . 
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Furthermore , !n 1s study analyzed tne SRH �esponse tor only the 

r1rst 225 min. or the acc ident . A number or features occur 1n tne 

SRt1 �•pons• beyond th 1s tlH per iod and nave as yet to be adequate ly 

explained . For exu�le , the clearly 1ncr eas 1na S RH  count rate rrom 

S - , 5  �ours • !tr. the subse quent decrease over the next 1 5  to 30 nours 

� see Fleur- 1 . 2 ) . This lonser term �esponse was 1�1 t 1allY thought to 

be due to re lease or t'iss ! on products to tne coo lant . Recent 

� nspect 1on or tne d&aaled core snows that cons iderable material 

� located outwards t'rom tne core into the core rormer res1on . It is 

poasi�l• tnat the lonser term SRM res ponse milht be expla ined by that 

aisrat ion . Another po i nt concerns tne coolab i l i t y  or tne fue l i n  

the lower heae1 . This study assumed a homogeni zed ruel water mi xture 

in t he lower nead . It is known , nnwever , that tne fue l  is compacted 

: :'lto a r-ou&nlY cyl i ndr ical voluoe . Attempts to i ncorporate th ! s  

coapactee1 lower plenum ruel mater ial 1 � : �  the study produced 

anomalously low count rates . Th i s  sussests that rurther ! nrormation 

=ay be ava ! lable in tne S RM  response regard ing tne actual rue ! 

contisurat i on at  tn is point in t i me . 

� 1 nal ! y . t� !s study conc luded tnat tne control rod mate� i al began 

sigra t i :'ll rrom :ne core near : ne beg 1nn t �g o �  the core �ncovery phase . 

One quest ion wortny or e xam ! na: 1on cone•��• the �oss i b i l 1ty  or 

�ec� � t i ca : 1 t y � �� ! ng �•flood at tnat t i me .  A re flood w � u � �  !:'lv� l ve 

tne !nject 1on �r � 1 gnl y  borate � wate� into a sem 1 �od less core . 7es t s  

haTe snown t �a t  the � o��� may � rec i � ! tate o � t  o �  tne res � l t ! �8 stea� 

water mixt�re !� the core � eg l on ,  e r �ec t � vely l ower i ng tne boron 

=�� t e r. t  1n tne core reg ! �� be : : • tnat otherw i se ant i � ! � t �d . ��otne� 

quea t !on that snould �e a c ,!ressed concerns the amount or con t rol rod 
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mater ial in the core as a function of t ime and its e ffect on 

recr i t i cality under a postulated reflood . 

Data i s  also ava ilable from the other nuclear instrumentat ion . 

For example , the intermed iate range detector data reported in NSAC- 1 

shows definite structure . Some ot the structure parallels that seen 

in the SRM data , whereas some does not . Prev ious wor k  by the authors 

or thi s  wor k  has shown that the detectors are sens i t i ve to az imuthal 

asymmetry in the source d is tr i but ion . As a result , corre lat ion and 

analys i s  or the intermediate range data as wel l  as the l imited data 

ava ilable from the other SRM may prov ide some informat ion on the 

asymmetry of the core damage progress ion . 

Future work should address these areas or uncertainties re lat i ve 

to the TMI-2 acc ident in order to improve our understand ing or the 

core damage progression . 

An improved understand ing o r  the TMI-2 acc ident progress ion w i l l  

allow the TMI-2 research resul ts to b e  more tully integrated with 

other severe acc ident research towards resolving maj or techn i cal 

issues relative to core damage progress ion , reac tor system thermal 

hydraul i c  res ponse and fission product trans port dur ing such 

acc ident s .  
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