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CRITICALITY UALYSES OF DISRUPTED ll)RE II)DILS 
OF tBlliB MILE ISLA1ID UBIT 2 

R. M. Westfall, J. T. Vest, G. E. Whitesides, 8Dd J. T. � 

ABSTRACT 

Tbree �tbetica.l disrupted core IIOdels were aoalyzed 
tor the Preaident • a ec-iaaion on the Accident at Tbree M:lle 
Island. Soluble boron 1D the proeaeat coatiguration vas 
aasuaecl to be 3180 veipt parts rar llillion (vp.-). Poai­
tive reactivity effects due to tuel swelliDs, tuel alu.piaa, 
aocl coolant di�ill�'leaeat by Zr02 1Dcreaae tbe cold, sbutdovn 
SJ•t• IIUl.U;,.ticati�n factor tro. appron.ately 0.7� to 
0.86. Tbe iDCreaae ill '"eactivity fC'r tbe tbree .or'.ela C8ll 
be rouply correlated with a decrease in tbe borated vater­
to-tuel vol:JM rat:io. lacb or tbe 39,825 pia-lattice loca­
tions vas ·��led explicitly 1D tbe Monte Carlo analyses of 
tbe reactor cor..:-. Par•etric studies were perfol'll8d vitb 
one-diaenaional discrete-ordinates analyses. Tbe report 
includes a benctllark criti'ltll analysis of the syst• at bot, 
zero-('Over startup, a description of tbe analyti cal Mtbods 
used, and a coaprebensive COII9ilation or the data upon which 
the analytical .odels were based. 

I. INTRODUCTION 

At the request of W. R. Stratton, staf f member of the President's 

eo..ission on the Accident at Three Mile Island, a series of analyses 

were performed to determine the reactivity effects of various hypotheti-

cal .odes in which the reactor core or Three Mile Island Unit 2 aay bave 

beBn disrupted. Tbe results of these analyses were forwarded to 

Dr. Stratton for use in preparing his portion of th• co.ission report. 

The purpose of this ... orandum is to provide formal documentation of th1a 

effort in terms of the hypothetical models studied and the analytical 

methods applied. The scope of thie study was restricted to the disrupted 

core analyses. No quantitative Judpent vas ude u to the likelit..,od of 
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tbe occurrence of the par�tcular accident .odes. 

are -.de as to specific actions to be taken to avoid a criticality inci-

dent duriJI& plant recovery operations. 

The sources ".. inf'oraation used in constructinc the disrupted core 

.adels are described in section I!. Tbis inforaation includes data on 

the reactor desip, a benct.ark critical configuration, possible core 

disruptive aecball18118, ancl the soluble boron cont6nt of tbe reactor 

coolant. Tbe disrupted-core .adels are described in Section UI. Tbe 

aaalytical •tbods are det...zt"lbecl in Section IV. Tbis section includes a 

brief description of the 27�up neutron crosa-section librar,r and the 

geo.etry .OOeliaa features of the Monte �lo transport p:'Ograas ll)ilSE­

SGC/Sl and DB� IV. 2 The capability of tbese prograas to represent tbe 

di srupted core with a high level or gaa.etric detail waa the priaary rea-

son tor pertor.ing this �tudy at Oak Ridge. 

The results or the study are presented in Section V. The results 

pertain to three categories: 

1. Paraaetric studies ot the etfects ot tuel pin gea.etry 
changes deterained through infinite-lattice pin-cell calculations. 

2. A benchaark analysis ot the as-measured critical configuration 
at bot, zero-power reactor-startup conditions. 

3. Analyaes ot the disrupted core models inoludins variations to 
deteraine the reactivity vorths ot the soluble boron, the control 
rods aDd the burnable poison rods. 

COncluai ons draw tra. the• results are su.arized in Section VI. 

II. MODEL DESIGN DATA 

Beagtpr Qlsisp--The prt.ary source or data on the design or Three 

Mile Island DDit 2 v� the Pinal Satety Analyaia Report (PSAR) .3 Intor-
.. tion wcs taken tra. this report on the tollowins deaisn features: 

i ' l 

i 
• , I 
i 
I I 
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1. Fuel assegbly design, co.positions and diaeDSions including 

a. tuel pins, 
b. control rods, 
c. axial power sbaping rods, 
d. luaped burnable poison rods, 
e. orifice rod3, and 
t. inatru.entation guide tubes. 

2. Cycle one fuel-load11J8 sch•e. 

3. Rod locatlorui, 0-200 f'ull power days • 

.It. Reactor vessel and internals. 

Copies of tbe tables and figures froa wbicb tbis inforaation vas taken 

are included bere as Appeadix A. Tbis intoraaticn was suppl•ented vitb 

particular details supplied by tbe Babcoclc and Wilcox Ca.pany. Tbeee 

pertai:t to the various fuel earict.ents, given in Table 1, tbe s,.c load-

ings of \he luaped burnable poison rods, given in Table 2, and tbe den-

sity or tbe Ag-In-Cd control rods (10.17 g/cc). All analysee in tbis 

study include tuel and fixed-absorber coaposi tiona based upon tbe 

begir.ning-of-life value. Tbat is, no variation due to the brief operat-

ing biatory of the reactor was taken into account. 

Table 1. 

Fuel El•en� 
Designation 

Fuel TJpe "A" 
Fuel TJpe "B" 
Fuel TJpe •c• 

Cycle One Fuel 
Enricbllenta 

Fuel Enr1cb8ent, 
Veisht S G-235 

auo2 at 10.138 atco (0.925 of 
theoretical} • 
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table 2. l.mlped Burnable Poiacn 
Rocl4 Bt C Loadings 

Rod Designation r(c Loading. 
Veigbt S s .. c 

LBP-1 
LPB-2 
LPB-3 

1.395 
1.260 
1.060 

a 11203-s..c lli.Xture at 3 .  7 g/cc. 

b Natural boron. 

BeQChperk Critical--Additional inforaation supplied by the Babcock 

and Wilcox Coapany included a set or conditions under which Three Mile 

Island Unit 2 vas critical. 

1. Hot, zero-power startup (tuel and aoderator at 551•10. 
2. Coolant at 2200 psi (0.77 g/cc). 
3.  Soluble boron at IJI90 vpJa. 
11. Control rods out. 
5. Axial power shaping rods out. 

eore Diaryptiye MeCbaQi§18--lnforaation concerning the possible 

IIOdes in which tbe reactor core may have been disrupted vas provided by 

staff IHIIbers of the Babcock and Wilcox Company and by cognizant indi-

viduals at Oak Ridge National Laboratory. Three major phenomena have 

been postulated. 

1. Zirconium Oxidation 

a. funct1.on of teaperature and steaa distributions. 
b. hydrogen releaee indicated appro:xiaately 35S of 

Zircaloy oxidized. 
c. Zr02 probably flaked ott and cruabled. 
d. daage concentrated in upper axial center or core. 
e. da.age likely on fuel rod clad, possible on LBP rod 

clad and control rod guide tubes. 

2. Fuel Swelling 

a. rapid depressurization of core aay have caueed clad to 
-balloon out• and rupture. 

: I 

, 
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b. thenaal stresses .aJ have caused 002 to crack and cMJable. 
c. u02 •1 co�ert to U30e at a lover density {10.96 vs 8.3 glee 

theoretical). 

3. Fuel S!3ping 

a. UJ occur with loss of clad integritJ ;�ncl phJsical displac•ent 
of 002. 

b. heat tranafer analyses iDdicate that tba •ltiag point of 002. 
uy have �n exceeded in the top central portion of the core. 

c. severe dov.;nrard di3place��ent or the fuel believed to be 
restricted to the area above the third axial spacer grid at the 
center of the core erteDdiag radially aDd upward to the firSt 
axial spacer grid at the third tuel assably tro. tbe ecl&e 
of the core. 

S9luble Bo.-,>p Coptept--Coolant saaples dated June 7, 1979, caDd 

analJzed at Oak Ridge National LaboratorJ contained a boron content 

equJ.valent to �1100 vps-. Trace aounts or :�Uver, indiUII, and cadlaiua 

were detected. The boron content vas scheduled to be increased to 

3180 wppa by July 1, 1979. 

III. DISRUPTED CORE I«>DELS 

Three diSJ'Upted ,!ore IIIOdels were analyzed. For the intact por tions 

of the reac•.or core, each of the three IIIOdels included an explicit 

representation cf the contents ot th� 39,825 pin lattice locations. That 

ia, the fuol rods, control rods, axial power shaping rods, llllllped burn-

able poison rods and the orifice rods were each treated with all avail-

able detail aa to co•position and gea.etry. lo distinction was made 

between tbe 110 inatru.entation tubes containing in-core detectors and the 

1 37 remaining water-filled locations. Staff ... bers ot the Babcock and 

Wiloox Co.pany have indicated that the in-core detectors are worth about 

0.2S 6k/k in neptive reactivity. The ��&jor difference between the thrae 

disrupted core IIOdels was in the nwaber of axial layers u�d to repruent 

the disrupted portion of the core. The MORSI-SGC/S mod�l includes seven 
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uiel leve:u in the core while the n:N�IV .odels have a aaxiaua of two 

&xial core zones. 

HQBSE= SGC/S •Dree Jgp Sluap• Model--This disrupted core .odel is 

sbO'in in Fig. 1. Til& !ntent in designing this IIOdel vas to incorporate 

all of the core disruptive .ecbanis.s in an internally consistent aanner. 

Thus, all of the fuel pins in the core are swollen by 30 percent with the 

fUel consisting of a U02-030s �xture with effective densities calculated 

t<> fill the increased volume and conserve the original ��ass of uranlUII. 

The de�s1ties for the two coaponents in thi� mixture were 6. 521 g/cc for 

u3o8 and 1.53- g/cc for 002• Ca.plete conversion fraa 002 to U30s {at a 

constant percentagP, of theoretical density) would result in a volume 

increase of 37 percent. 

A second major featur� of this aodel concerns the disposition of the 

Zr02 formed in the upper central. portion of the core. He:re it is .•ss1.11ed 

to �e un iformly distributed in the coolant channels immediately below the 

slumped fuel. The ZrO:z occupies 32.9 PP.rcent of the f'lov channel a t-eas 

for an axial distance equal to the length of the slumped fuel. The fuel 

elemer.� spacer grids would be the primary aechanism for preventing the 

Zr02 from ex�ting the core. 

The third major feature of this model concerns the nature of the 

slumped fuel. With the loss ot the zircaloy clad, it is assumed that the 

002 conver'a to 0308 and is physically �isplaced downwa rd to rest upon 

the &pacer gl'ida and � ... ln-disrupted fu�l. TliG tuel i• aasuaed to be a 

aixture ot the ty�s ; and B fuel assemblies located in th e disrupted 

res1on yield�.na an averase enriciment of 2.3 vt J 0··235. The slumped 

fuel baa a 0 .68'7 volume factor vhioh is near ti'e theoretical •xillum 

, 
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I I Spacer 

144" Zone I Zone II Zone III I i:one IV I Grids -

123.42. -

102.85N 

8Z.28N -

61.71" 

H,0-8(31��
-

/77/ 
�----J/ / 

U(2.3)30e (0.635), /' Hz0-8 (0.313} 

�// /� 
Swollen Fuel Pins, 

ZrOz fn Coolant 

Fuel Pins Swollen 30�, 
Nonnal Coolant 

20.57" --�-----

Pig. 1. MOISE-SGC/S Three Jump Sluap Core Model* 

1st 

2nd 

3rd 

4th 

5th 

6th 

7th 

Axidl 
Level 

7 

6 

5 

4 

3 

2 

1 

*Control aod L-..ped Burnable PoiiJOil locla froa Diarupted PortiOD of Core 
Missing. Boron in Coolant in All Zone• at 3180 vppa. Core Barrel, 
Radial , and Axial Reflector aep.cm. ill Model. 

� � ..: 
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packing factor for spheres. Tbe 0308 and borated water are the only 

•teriala reuiniog in tbe disrupted region or the core. Tbat is, por-

tiona or tbe control rods, luaped burnable poison roJs and orifice rods 

tbat oriainally extended through this region bave been re.oved rro. tbe 

aodel. Tbis is a CODS3rvative aasuaption rra�� the criticality safety 

point of viev. 

There are four radial zones in tbis aodel. A detailed layout or tbe 

contents or eacb radial zone is given in Appendix B. Tbis appendix 

includes a description or bow this 80del vas aocked-up uaJ '18 the array or 

arrays feature of tbe II)RSE-SGC/S geometry packase. or particular 

interest is tbe 118DDer in llbich tbe overall pin lattice array vas trun-

cated axially and indented redially to acooa.odate tbe representation of 

the disrupted portion or tbe core. 

mo-n •nic!)lacesJ-Fuel SlWP.P• Hodel--Tbis disrupted core aodel is 

sbovn in Fig. 2. Here it is assumed tbat the COIIplete upper halt or the 

®re bas been disrupted. Tbe fuel baa converted to 0308 and been dis-

plac��Jd downward to fora the Ballle U30a-H20 + B Jlixture assuaed in the 

MORSE-SGC/S IIOdel. However, the fuel enrichllent used ber·c vas 2.57 vt S 

U-235, vbich corresponds to the core averaae. This aodel aas1aes that 

tbe fuel clad and tbe other non-tuel Mterials in the disruptec1 region 

bave been :-e.oved trOll the core. The lower half or the corf' is the nor-

al pin lattice ooatiauration (39,825 lattice locatio�lft). Details of the 

seOMti"J 1100k-up in Dlf�IV are &iven in Appencli:x. c. 

JIIQ=IJ •IP=P1•o• Fytl Slywp• MQdtl--Thia diarupt.ct core .odel is 

abovD in Fis. 3. Here it is aaa.-d that the fuel pin expands radiall)' 

at oonatant olad density and vol.- and that the 002 al•pa axially at 

, 



I 
I 

I I 

' 

• 

• 

- ----- ------ ---- ----------- ---------------�--------

9 

144.- ----------------------

Normal Pin-lattice Core 

Boron at 3180 wppm 

Fig. 2. K!No-IV Displaced Fuel Slump Model* 

*Includes Radial and Axial Reflectors of H20 + ! 
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144"---·�------------------------------------------

H20 + 8, Pin-Lattice Without U02 

hfa ________ ___ _ 

Pin-Lattice Core, Fuel Pin 
Volume Increased With 

A Constant Density and Mass 
of uo2 

Boron at 3180 wppm 

Fig. 3. JCENo-IV In-Place Fuel Slump Modelb 

�f values: 144", 114,2", 94.6", 80,811, 70,4" 

b Includes Radial and Axial Reflectors of R10 + B 
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constant density and voluae. Including the as-built core, five fuel 

heights were analyzed. The ainiaua fuel beigttt corresponds to the cue 

in wbic b the outer di•eter of the fUel pins is equal to tbe lattice 

pitch ( 1.JIJI? c.) and tbus tbe fuel pi!l..� are toucbina. The three inter-

aedt.ate tuel heights correspond to 25, 50, and 75 percent of the total 

possible increase in tbe cross sec tional area .;,f the fuel. The fuel pin 

clad and tbe other onnt'Uel •terial above the active portio n of the core 

are present in tbis .oclel. Details of the gec.etry .ack-up in KEIIOaiV 

are given in Appendix c. 

IV. ANALYTICAL METHODS 

Neutron Cross SectioDB-·The neutron cross sections used in these 

analyses were taken froa a 27 energy-group library developed frOII 

ENDF/B-IV data for the u. s. Nuclear Regulatory Commissi on. The 27 

energy-group structure was determined through an extensive series of 

IIOdel calculation&... The group structure includes the boundaries of the 

16-group Hanaen-Roach5 cross-section library with two additioaal boun-

daries in the high-energy •fission-spectrum• ranse and nine additional 

boundaries in the low-enerS)' •thermal-upacatter• ranae. The group struc-

ture is given in Table 3 .  

Reaonanoe processing vas performed using the NITAWL-S module of the 

SCALE system. This module applies the Hordheim6 •thod to calculate 

resonance self-shielding tor the ab sorber materials located in a pin-

lattice cell. Resonance processing �as performed tor nine nuclides: 

D-238, D-235, Ziroaloy, Al-107, Ag-109, In-113, In-115, Cd, and Mn • 

Several parameters determined the number or lattioe-oe ll resonance 

analyses . 

'.--i f } 

i. \ 
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table 3. 27-Broad-EaerCJ Group Structure 

Group lo. Upper Boundarr Group lo. Upper Boundarr 

1 20 MeY 15 3.05 eY 
2 6.11311 16 1.17 
3 3 17 1.3 
II 1.85 18 1.13 
5 1.11 19 1 
6 900leV 20 0.8 
., 1100 21 0.11 
8 ·oo 22 0.325 
9 1' 23 0.225 

10 3 211 0.1 
11 55v eY 25 0.05 
12 100 26 0.03 
13 30 27 0.01 
111 10 0.00001 

Tbia sroup atruc·�.ure vaa toUDd to be adequate tbrouah the broad­
group..deterainathn procedure tor the nuclides: u-238, D-235 , 
Pu-239, Pu-2110, P�.a-2111, Pu-2112, B-10, SB--3011, (11, Fe, Cr), Cd, 
Al, Cu, H20, zircaloy-2. 

• 
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1 • Fuel enriclaent 
2. Fuel diaaeter and denait� 
3 .  Fuel teaperature 
'· T•perature and decsit� or the coolant 
5 • Boron �ntent. ot coolant 
6. Presence or Zr02 in coolant 

Appropriate Dancott factors ror the various co.binations or cell 

paraaeters vere applied. Tbe U30a-B20 + B llixtures vere treated as 

intillite bollopneous aedia in tbe resonance processina for D-235 and 

D-238. FUel enriclaent vas tbe onl� variable in these anal�aes. 

or particular interest to this study is tbe expected pertoraance ot 

this cross-section librar� in tbe anal�sis ot s�steas stailar to Three 

Mile Island Unit 2. Tbe results or previous anal�aes7 or pin-lattice 

critical experiaents with ENDF/8-IV data are given in Teb}.e II. The 27-

group library is a subset or the 21 8-grobp library in the table. Also ,  

tbe 19-group library is a subset ot the 27-group library. Thus, the 27-

group library would yield system multiplication factors consistent witb 

the results tro. 218- and 19-group libraries. The resultft using point 

cross sections are in good agreement vith the multigroup results. For 

coaparison purposes, the lattice pitch tor the Three Mile Island Unit 2 

fuel assemblies is 0.57 inches and the ettective vater/tuel volume ratio 

is 1.27 for the hot, zero-pover startup configuration. Thu3 , CUes 1,  2,  

and 5 correspond tairly well to the critical benchmark configuration for 

Thr6e Mile Island Unit 2. Fro. these results, the expected aultiplioa-

tion tactor calculated vit':� the 21-group library tor the critical bench-

mark vould be between 0. 980 and 0. 990. 

MQU'-SQC/S..-Tbis is a new ,•41raion ot the HORSE 10 Monte Carlo 

transport oode1. It oo.bines the •upergroup oapabili tiel or MORSE-SOC 1 



Table 4. Calculated Results for Critical Urani� Oxide 

Lattices with Clean and Bo:ated Water Moderacora 

C�ictcal lzpert.eac 

��tAP' A water .odel'ated 
23 x 2l anay of 2. 72% 
eal'1ched UOa rode 

EPU' Clean watel' -odel'ated 
lattice of 2.3SZ eQI'iched 
UOa rocla 

ll'lll 
Borated water .oderated 
laCUce of 2.3SI ISGriched 
UOa I'Oda 

a
468 vpp. soluble bo�on 

.. ' 

\latei'/Fuel 
c ••• Vol�:Mt latio 

1 1.49 

2 1.20 
l 2.41 

4 3.68 

,a 
1.2'l 

� 2.41 
7 ),68 

INDP/B-IV Data 
Pttch 

(inches) l'<linC XSICS 21" Cl'oup 

0.6 0.9869 0.0063 0.9848 0,0068 

0',615 0.9900 0.0060 0 .9864 0.0042 
0.750 0.9922 o.ooso 
0.87 0.9984 0.0061 0.9932 0.00'-7 

0,61!1 
0.75 
0.87 

.. 

. ..• 

19 Gl'oup 

0.9867 0.0044 

0.9849 r I -
0,9934 � �9 .... 
0.9934 1·,003Q 

0.9837 0.0035 
0.9983 0.0036 
1.0007 0,0034 

.. ;_j 
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vitb a nev arrQ' of &rrQ's nesting feature deYeloped for tbe u. s. 

Nuclear 11egulatory ec-ission. Tbe arr&J or arrays feature proYidM for 

a s inale description or each tJPe or tuel pin, l•ped burnable poison 

rod, etc., followed by array specifications to deti.ne the fuel asseablie3 

and a subsequent arraJ specification or tbe fuel asse.blies in the reac-

tor core. The power of this procedure is de.onstrated bJ the •infpl 

COIIPUter storage requir.-ent tor tbe sea.etry description of the MORSZ-

words or �;uiiputer storase vere required to describe tje tbre�iaenaional 

array containins 2111 ,200 pin locations-plus tbe Yarious unifora •dia 

bodies corresp?ndins to the U30a-B20 + B mixt�e and the vater and steel 

reflector repons. 

The MORSE-SGC/S analyses vere performed on the Idaho Rational 

E.1Sineering Laboratory CDc-7600 co.puter. SeYeral init1al neutron source 

diatributions were specified for differins fuel regions. There vas no 

discernable trend witb source specif1cation in the re.sults. Standard 

variance reduction techniques sucb as Russia� Boule tte and splittins were 

applied. The analyses r,...quired about 1 • 2 minutes or CPU time per thou-

sand histories calculated. Standard deviationa or 0.003 were obtained 

with 60,000 histories, 0.006 vith 30,000 histories, and 0.01 vith 8,000 

bistorias. 

JIIQ=lJ--Tbis is tbe current production veroion of the IENoll series 

ot multisroup Monte Carlo criticality prosrams. These programs feature 

an easily-upecit'ied seometry soh.. which pe,·mite an •xtreaely ettiobnt. 

particle traokin& alaoritbll. The accuracy, ettioienoy, aDd eue-or-uae 

ot tbese prosras bu led to tbeir beina the .oat popular oode• tor 
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.Utid1Mns1oaal criticality 8118l.Jaea. A b1gh leYel o� experieace in 

tbis use baa been accu.alated in the laat decade. Auta.ated PI'\ ,edwoea 

in 1£110-IY i.Dclude source specifications , particle biaaii'JS, reflector 

vei&btiD& , aacl output edits. 

'lbe prillarJ l:lmtation in applJiDs Dlf�Il to tbis study at- rro. 

the verr large nu.ber of pin-lattice locatioaa that aust be described. 

In IDG-IY, tbe entire aixed-b.,x orientation arrar is stored in the co.-

puter aa.o:ry. Tbua, the pr� 'IJ)plication of DIG-IY baa been to CO!"-

roborate the II)ISE-SGC/S results for �ttoae .oclf.ls requiriDs only one 

axial layer in the pin-lattice specificatious. 

Applyiq one-quarter core s,..atry ,  the entire Three Mile Island 

Unit 2 reactor lattice was IIOCked-up in a 120 x 120 llixed box orientation 

array. A coaputer prosraa, HAIARAY, was written to 3iaplif'J the apecifi-

cation of this array. Firat the fuel aa-bliea vere specified, then tbe 

ooabination of fuel aaaeablies correapondiq to tbe first core loadin& 

was specified. Froa tbis infol'llatiOn IWCARAY conatructed tbe IEN�IV 

mxed-box orientation array for the one-qaarter core. Rote that the 

one-quarter core s,.._trr vas achieved throush tbe speoitication of ba.i-

cyliDdera tor tbe pins lJiDS on the X and I core aidplaa.a. 

Tbe Ulo-Il analyaes were pert'oraed on the Oak Ridge Rational 

Laboratory IBII-360/91 coaputer. Tbe analyaes required about O.IJ llinutes 

ot CPU tiM per thousand histories oaloulatecl. StaDdard deviations ot 

0.006 v�e obtained vitb 6,000 histories. 

x:mgns-s--This is the SCAL£12 sratea version of tbe XSDJtl13 one-

dilllenaional discrete-ordinates neutral particle transport PI'Osr••· Ita 

priarr application in this study vu in pin-lattice oell calculations 

I 

4 

, 
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to deteraine the ettects of various cbanges in fuel co.position aad 

aeo��etr:r. Tbe lllllll;rees were perfo·--- .. ... .. u UJ.e Sa angular quadrature 

appi'Oxi.Etion and a P3 scatteriDS e:zpausion order. ISDDJIM-S vas exe-

cuted in a SCALE syst• &Dalytical sequence ( CSAS1) vbicb jiarforas tbe 

probl.-dependent cross-section processing 8l!d sets up the iraput for the 

transport anal:rs1s. IITAWL12 input par .. eters and nuclide a� deDSities 

rro. these anal;rees were also used in the tbree-diaensional Monte Carlo 

analyses. 

V. AHALniCAL RESULTS 

�:nfiQite Pip J,attice Aaalyys--These analyses were perforaed to pro-

Yid� •tualitative est18atea of the reactivity effects due to possible core 

disrt·.ptive aecbanis.s. Since tbey a re one-dimensional analyses, the com-

b,.aed effects of fuel and neutron absorbins rods are not calculated . 

llao, the neutron leakage is not taken into account� However, the leak-

aae for tbis core is only worth ahout 4 percent in reactivity. 

Generally, the reactivity effects are due to postulated changes in 

the tuel pin seo.etry and aaaooiated variations in the water-to-fuel 

voluae ratio in tbe reactor core. One ltait to this variation is the 

case ot an infinite medium ot 0(2.96)02• The ault1plicat1on factor tor 

this dry tuel case is 0.663. Rote that the fuel enrichment corresponds 

to tbe bipest ot the three values tor the Three Mile Island Unit 2 

reactor core. Thus, ao.e content ot water and its asaociated neut ron 

.oderation must be present tor tbis system to become critical. 

The effects ot water content on reactivity are oom�licated by the 

hi&h soluble boron content or the reactor coolant. Pressurized water 

reactor fuel ia noraally considered to be undermoderated, that is, at 
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less thaD an optt.u. water-to-fUel volu.e ratio tor � reactivity. 

SUch is tbe case tor the •cold c lean• ( unborated water) results listed in 

Table 5 and sbovn in Fig. II. ReduciJ18 the lattice pitcb lovers the aul-

tiplication factor still turtber. However, for the •cold borated• situ-

ation, the opposite effect is observed. Tbe .,st reactive lattice pitch 

is significantly less than the design Y8lue. Eventually, tbe oegative 

reactivity due to tbe loss of water overtakes the positive reactivity due 

to the loss of boron and the syst• IIUl.tiplication factor co.es back 

down. 

The results of fUel swelling listed in Table 6 and shown in Fig. 5 

reflect a similar variation. Fuel swelling r•oves water and boron fro. 

tbe system �d the multiplication factor rises. Here the water-to-fuel 

volume ratio ranges fro. 1.65 to 1.07 wbile the lattice pitch variation 

discussed above resulted in a auch wider range in this ratio ( 2.97 to 

0. 5 7 )  • This liaited rBDSe accounts for the 110notonic behavior or the 

curves in Fig. 5. 

The effect of boron concent ration upon the system multiplication 

factor is given in Ta:,le 7.  From 0 to 21100 vppm t.he reactivity worth of 

the tloron is 1.13J Ak/k1 k2 per 100 vppm while from 21100 to 3180 WPPII the 

worth is l.08S Ak/k1k2 per 100 ppm. Thus the int.:remental worth of the 

boron decreases u saturation is approeched. These values are slightly 

higher than the 1S Ak/k per 100 PPII soluble borun tt?rth deten�ined by the 

Babcock and Wilcox CO.pany. This value, pven in Table 11. 3-11 or Appeo-
dix A, pertains to the hot reactor core at rated power. Thus the soluble 

boron worth should be �ewhat reduced due to the lower water density and 

the presence of fixed absorbers. 
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Table 5. 'l'Hla Infinite Lattice Pitch Variation 

case Lattice Pitch (c.) Cold Boratedc Jr. 

1 
2 
3 
4 
5 
6 
1 
8 
9 

1 . 154 (-20S) 
1.227 (- 15Ji 
1.299 {-10J) 
1 . 371 C-5S ) 
1 .4113 (Cesign) 
1.5 1 5  (+5J ) 
1 .587 (+ 10S) 
1.659 < + 15S) 
1 • 732 ( +20S) 

1. 1112 
1 .�29 
1.2M 
1.31 9 
1 . 3110 
1 . 35 1 
1 .355 
1 .352 
1.31&5 

a2.57 vt S enriched 002 (92.5J theoretical denz:tty), 
J.94 ca OD, Lircaloy clad 1.092 ca OD, 0 .95 8  ca ID. 

b
All aaterials a� 293•1, H20 at full density. 

c
21100 wppm natural boron, June 1, 1979, OR!IL analysis • 

Table 6 .  TKl Ir�inite Latticea Fuel SWelling 

SWelling (UOz) Fuel Cladb Cold Clean 
case Factor (8/CC) OI> (ca) OD (ca) k .. 

1 1 .0 0(design) 10 . 111 0 . 9110 1. 092 1 . 3110 
2 1 .05 9 .66 0.963 1.097 1.338 
3 1 .1 0  9 . 2.?. 0.985 1. 1 16 1 . 335 
4 1 .15 9. 10 1 .008 1. 1 37 1 . 329 

5 1 .20 8 . 45 1 .030 1.157 1 .326 
6 1 .30 7.80 1 .071  1. 193 1.316 

aCon1tant lattice pitch of 1 .443 �' 2400 wppm boron in H2o. 

b
Clad expanded at constant volume. 

0.Next aiSlJiticant figure. 

1 .025 
1 .0117 
1 .0110 
1 .016 
0 .982 
0 .9113 
0.902 
0.860 
0.817 

Cold Borated 
k., 

0.9 82 
0.9 84 c 
0.989(3)  
1.001 (7) 
1.002( 3 )  
1. 01 2(5 ) 
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l. 4 

, 

1.3 

l. 2 
0 Unborated 

0 Borated 

1. 0 

0.9 

C-8�------�------�--------�------�--------�--------
-20 -10 o.o 10 

Percentage Change in lattice Pitch 

(Design Pitch = 1.443 em) 

Fia. 4. TMI Infinite Lattice Pitch Variation 

20 



' 

1.4 

I. 3 

1. 2 

1.\l 

21 

--,0-l=>'· ----G 

0 Unborated 

D Zorated 

-----�-· � --------�� 
B--.-a- -e= 

0 .9�------��--------�--------�------� 
1. 0 1. 1 1. 2 

._. Volume Fraction Fuel Expansion 

(Constant Lattice Pitch= 1.443 r.m) 

Fig. 5. tMI Infinite Lattice Fuel Swelltng 

1.3 

'\ 
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table 7. Multiplication Factor va Boron 
Content 8lld lllric:Biellt 

Fuel Boron Concentration, 
BDricblent 0 2,00 

2.57 vt s 1.3, 0.982 
(Core Average) 

2.96 vt s 1.032 
(TJpe C) 

2.6, vt s 0.992 
(TJpe B) 

1.98 vt s 
(TJpe A) 

vppa 
3180 

0.907 

0.957 

0.918 

0.811 

Table 8. CO.binva Fuel SWelling, Interstitial Zr02 

2.96 Vt S Enricbed Fuel , Multiplication 
case Cell Description Factor 

A 
B 

c 

lo1"1181 fuel , boron at 3180 

30J swollen tuel ,• boron at 
3180 PPII 

PPII 

Case B, 33 vol S Zr02 in H20 

eruel OOIIpoHd ot u ,08 and uo2 inside zircaloy clad. 

0.959 

0.992 

1.012 

, 

• 

• 
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The coabined ettect ot tuel svelliDa and coc.•lP.nt di.aplace.ent b7 

Zr01 iS given b7 the data in Table 8. Tbe overall ettect is worth 5 .. 5J 

Aklktkt vbile the SllelliD& alooe is worth 3.5J 6k/k1k2• 

Tbe results in Table 9 da.onatrate the relative vortba ot the 

Ag-In-Ccl control rods and the s,.c-11203 luaped burnable poison rods. In 

these analyses, tbe cell lattice pitch vas taken aa tbe averqe spaciD& 

between control rod centers, and tbe interveDiag tu.l. �s were treated 

as a �geneous tuel-clad-coolant aecli1a. 'l'be pr!Ery purpose ot the 

analyses vas to deteraine tbe inpat par•eters tor treatiaa resonance 

absorption in the control rods. Tbe results indicate that the control 

rods are vortb substantially mre than tbe luaped burnable poison rods • 

Tbe results ot intillite aediua calculations tor tbe U30�H20 + B 

llixture:J appearing in tbe ti>RSE-SGC/S •Tbree Jump Sluap• lloclel and the 

Ullo-IY •Displaced-Fuel Sluap• aoclel are given in Table 10. Ot particu-
lar interest is a coaparison between tbe aultiplication tactor tor the 

2.51 vt S enriched tuel C&H vitb the correspondilll pin cell result in 

Table 1. In going tro. tbe pin cell to tbe displaced tuel, tbe vater­

to-tuel voluae ratio bas gooe tr011 1.65 to o.JJ6. ·Tbe corresponding reao­

ti, ity increase vas 8.2S AJc/k1k1• 

BtQQbeeU Critigal tqelxsu--Tbe results or tbese anal7Hs are giyen 

in Table 11. Good agre .. ent is sbovn between tbe syst .. .ultiplioation 

taotors calculated vitb ti>RSE-SOC/S and ltllfo-IV. PurtbeNOre, tbeH 

values are consistent vitb the 21 group results troa tbe analyses or 

critical experiaents bav!Da the saae level ot neutron .oderati on . Since 

tbe water deneity ie 0. 11 &foo tor tbie e yet•, tbe etteotiYe water-to­

tuel YOlUM ratio drops trOll 1.65 to 1.21. Good ...-. .. nt ie ebovD 

betwMn the reeul te or Tabl e 11 aDd tbe appropriate ftluee in 'fable IJ. 
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Table 9. Relative Rod Vortb•­
Control Rod YS LBP1 

lbaorber TJpe 
Ag-�Cd rod, SS30Jt clad 

LBP1-B..c-ll203 rocl, Zr clad 

Multiplication 
Fa� tor 

0.1166 

0.680 

•Pin-cell .adels include Zr02 and B(3180) in 
coolant, saeared "(2.57)02 fuel-clad-coolant. 

Fuel Enricblent 

2.3 vt S, inoer core 

2. 57 vt S, core aver ace 

Multiplication 
Factor 

au,o8 at 68.7 vol S (O .635 theoretical 
density), H20 aDd B (3180 vps-) at 31.3 vol z. 

bot, 0(2.57)<>2 JC. = 0.907 I 3180 Pl8 boron, 
see Table 7. 
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Coapar1ao� ot CUes A 8Dd B ot Table 11 Jielda tile luapecl bllraable 

poieon rod vortb 1D tbis coat'i&uration to be approzDately 51 Aklk1 k2. 

Tbia Yalue is coll81stent vi til tbe '.•s 6k/k lluruable poison rod aa-b� 

(BPB.A) control vortb listed in the (FSAI)3 and reproclucecl in Table • .3-9 

ot AppeDdix A. 
Coapar1aon ot CUes A and C yields tile control rod vortb 1D this 

coat'1.prat1on to be appronutely 121 6k/k. Tbis ftlue is coD81stent 

vitb the 10.51 6k/k control rod worth at bot zero power listed in tile 

FSAR 3 8Dd gi.YeD iD Table •• 3-12 ot AppeDCI1x A. Tbe FSAR value doea DOt 

1Dclude tbe vortb ot the az:lal power ab&Pill& rods 8bovD ill Balik 8 ot 

Fie • .-.3-� in AppendiX A. '!'bus the FSD Yal.ue should be SCJMWbat less 

thaD tbe Yalue .P,Yea by tile present aaalysis • 

Diaruoted Core apJ yoes--Tbe base case tor tbeae aDalyaes is tbe 

aorwal. core (noDdisrupted) with the soluble boron lnel aet at tbe 

3180 vp� value oorreapoDCiiDS to the current status. 1'be results trom 

analyses Ot tbis oont1.gurat1on are PV8D in Table 12 • Again, �d asree­

•nt is seen tetveen tbe II)RS�SOC/S and DI�IV results. The control 

roda are vortb approld.llatelJ 91 6k/k1t2 aDd the 1-.ped buraable poison 

rode are vortb approld.llately .-s 6k/k1k2• T'be b1&b soluble boron lnel 1D 

tbe ooolut teDda to reduce tbe vortb ot tbe tixed abeor-liera. 

IIOdel are pyea in Table 13. C.periaon or CUe A with tbe u-built, 

cold abutdOVD oue in Table 12 iDCI1oatea tllat tbe cwerall poaiti�e reao-

tiYity worth or tbe diaruptiYe oore MObaDi .. ia approdaatelJ 111 

6k/t1t2• !be vater-to-tuel Yolu. ratio 1D tbia oore ftl'iea rroa o.•T in 
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a b Table ll. Bot • Zero-Power Startup Coofipratioo 
Monte Carlo ltaltiplication 

caae Deaorlption Code Factor 
l. &a uuurecl critioalc JI)JSB-SGC/S 0.987 :t: 0 .003 

UII�IY 0 .983 ± 0 .006 

B. Cue l vith LBP rods II)RS£-SGC/S 1. 0.2 ± 0 . 011 

A. 

B. 

c. 
D. 

N!IOYed 

c. Cue A with oo�l I«)ISE-SGC/S 0 .86. ± 0 .008 
rods inaer UII�IY 0.863 ± 0 .009 

4Coolant at 532•r, 2200 pai, P = C .77 , fuel at 532·•F. 

bControl rods out, soluble boron at 11190 vp�a. 
c 820/tuel-Yolu.e ratio = 1 . 27 ; •ulti-group EIDF/B-IY cross sections calculated ( m 0.98' tor other low­

enriched uranlua pin-lattice critical& at this 
820/tuel-Yolu.e ratio. 

d B&W calculates control roda to be vortb 10 .5S at bot, 
zero power. 

Table 12 . Bor-aal Core Shutdown With Boron at 3180 vppa4 

Monte Carlo Multiplication 
case Description Code Factor 

Aa-bu11 t, cold sbutdovrP lEI� IV o. 737 ± 0 .006 
HORSE-SGC/S 0 .752 ± 0 .007 

Case A with control rods o�t JI>RSE-SGC/S 0.805 ± 0 .006 

CUe A with LBP rode raaoyed II>RSE-SGC/S o. 778 :t 0 .008 

Case A with control rods out JI>RSE-SGC/S 0 . 819 :!: 0 .007 
aad LIP rods re.oYed 

Gfa1ue ae ot J�lJ 1, 1979. 

bCoolaat at 293•1, P • 1. 0 ,  fuel at 293•1. 

I 
I 

, 
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the u3oa-B2o + B llixture to 0 .12 1n tbe reatona vitb Zr02 1n tbe coolant 

to 1 .01 in the r..Uncler or tbe pin-lattice core. Tbe averap water-tv­

fUel volu.e ratio is 0 .  95. 

!'be control rod uortb for tbe borated core (Cases l and B) is leas 

tban 2S AJc/k1t2• Bovever, tbe control rod worth tor the unboratecl core 

(Cases D and F) is appronaately 9S 6klktk2• Sillllarly, the l•ped burn­

able poiaon rod vortb for tbe borated core (Cases A and C) is leas than 

1S �/k 1k2, vbile the unborated core vortb (Cases E and F) is appron­

•tely 5S Aklk1k2. Note that portiona of tbe control and luaped burnable 

poiaon rods originally positioned in tbe disrupted reaion of the core are 

aissiq f'roa this IIOClel • 

The results froa tbe analy�tis of tbe ONo-IV •Displaced-Fuel Sluap• 

.odel are given in Table 1 1& .  Coapariaon of Case A vitb the as-built, 

cold shutdown case in Table 1 2  indicates tbat the positive reactivity 

wort� of the fuel displaceaent is approxiaately 17S Ak/k tk2 • Tbe average 

vat.lr-to-fuel voluae ratio is 1 .06 tor this conttauration. Since tbia 

value is close to that of the •Three Juap Sluap• •odel and tbe positive 

reactivity wrtbs are tbe aue, it appears that the reactivity can be 

arossly correlated with the vater-to-tuel volume ratio. 

However, tbe differenl � �  reactivity vortba of the disruptive core 

Mcbani•s are biahlY dependent 1Jpon tbe particular features of tbe dis­

rupted oore aodela. For exaple, re.oval of the soluble boron tr011 tbe 

pin-lattice portion ot tbe oore ia vortb 1 5S 6k/k1� tor the "Tbree Juap 

Sl•P" IIOdel Vbile it is vortb 110re than 25S 6k/k1 k2 tor tbe "Diaplaoed­

ruel Hodel·" In the latter oaae, the coolant ohannela are at aonaal aize 

and the boron is worth auoh 110re. Alao, the control I'Oda are vortb .,... 



I .  
! 

. - .. -- ---·-- -- -----------------------�-------

28 

Table 13 . II)ISB-SJC/S ll'fbMe JUQ Sbap• 
Disrupted Core 

IIUltiplication 
C8ae De8Cription Factor 

A. Base coDtiguratlo.f 0 . 862 ± 0 .006 

B. Case A vitb control rods out 0 .875 ± 0 .006 

c. Case A vitb LBP rodn r.o-ved 0.868 ± 0 .006 

D. Case A vitb controls rocl8 
and bororP out 1.079 ± 0 .012 

B. Caae A vlth LBP rode and 
boronb out 1.0113 ± 0 . 010 

F. Case A vi tb control rods 
inserted, boron out 0 . 988 ± 0 .011 

�3 .5S ot upper lliddle core collapaed aa U 30a-B20 
llixture ; Zr02 distributed in coolant cbalmels ot 
lover core ; intact portion ot tuel pin swollen 
by '30S ;  boron in coolant at 3180 vppa. 

bBoron r81181Din8 in U 30a-B20 llixture. 

Table n .  DIG-IV •Displ!ced-F\!esl Sluap• 
Disrupted Core 

Case Description 

A. Base contiauration 

Multiplication 
Factor 

0 . 8115 :1: 0.006 

B. CUe A with cont�l rods out 0 .870 :1: 0.006 

C .  CUe A vitb boron au" 1.080 :1: 0 .006 

aUpper 50S ot core aol�Hd u u 3orB20 mxture; 
oorreapoDdiD& portions ot control aDd LBP rods 
maaiac; lover balt ot oore iD DOI'8Al ooDti&ura­
tion; boron in coolant at 3180 vpiJII. 

bBoron r-.1D1na in U,Oe-82.0 llixture. 

- --- - -- --- -------------
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tban 3S Ak/k1k2 vbiob, altb.ougb -.11, is aubatantiallJ aore than the 

correspondiag Yalue tor tbe •Tbree J•P Sl•p• aodel ( <21 Ak/kt � )  • Tbia 

ditterence is all the aore ...arkable because the •tbree J•P Sluap• 

IIOClel bas 73 percent aore intact control rod voluae tban does the 

•Displaced-Fuel Slu.p• .odel. Evidently , tbe neutron �eration level 

bas a very strong eff'ect upon the oontrol rod worth. 

Tbe �aulte f'roa tbe analysis of' tbe IEIJ�IV •In-Place Fuel Sluap• 

IIOdel are given in Table 1 5 .  Here ve bave tbe variation of' tbe ayat• 

.ultiplication factor as tbe fuel 1a displaced downward in tbe pins and 

the clad expands to acCOIIIIOClate the increase in cross-sectional area. 

The water-to-f'uel voluae .ratio varies froa 1 .65 for the as-built core to 

0 .31 f'or the case with the f'uel pins touching. A new reactivity search 

technique 14 vas used vith these results to predict an opti•• water-to-

fuel voluae ratio of 0.62 . Tbe aaxillua multiplicat�on factor calculated 

in the study was 0 . 845 for tbe case in which the vater-to-tuel voluae 

ratio is 0.11. Both the syst .. multiplication f'actor and the water-to-

fuel voluae ratio are in the range of' the values calculated with the 

•Three Jump Slump• and the •Displaced-Fuel Models• . The slightly lover 

water-to-fuel volu.e ratio corresponding to an equivalent multiplication 

factor with the •In-Place Fuel Slump• aodel is probably due to the pres-

ence ot control and luaped burnable poison rode tbroushout this eyst•. 

The fixed absorbers enhance the positive reactivity effect at �pectral 

hardenina. Indeed , the ISDRIPM lattice cell caloulatiou do not include 

fixed absorbers and their results indioate a aaxiaua eyet .. .ultiplica­

tion factor at a bigber vater-to-tuel volu.e ratio. 

I 

' 



Table 1 5 .  JCENo-IV win-Place Fuel Slumpw Disrupted Corea 
Aaauaptiona : Fuel stays at constant density 

( 0 . 925 or theoretical ) ;  
Zr clad expands at constant volume ; b  
tuel heisht �rope to conserve volume . 

Min. Gap 
SWelliq Haight Fuel OD Clad OD between pina 

(J 0� Max) ( ca) (011) ( �) ( om) 
lone 365 . b  0 . 94 1 . 092 0 . 1 76 

2-SS 290 . 0  1 . 056 1 . 1 7 �  0. 132 

50� 2110 .2  1 . 160 1 . 273 0 . 085 

75S 205 .2  1 .255 1 . 360 0 . 0112 
100S 178 . 8 1 . 344 1 . 443 o . o  

�n at 3180 wp�, constant lattice pitch = 1 .443 om. 
�tant clad volu.e, interior radius increases .  

Uad, control rods & LBP rods above , 
CON aa DOraal . 

�.57 vt J enriched UOa (core average ) .  

'ar' tt · rt 'tt ·· 'hrrh tt*tNJii'Htrmeit'" _ 

JCEHo-IV 
k-ert e1 

0 . '73'7:1: 0 . 006 

0 . 807:t 0 . 006 

0 . 845:1:0. 005 

0 . 840:1:0 . 006 

o .  8 1 2 :1:0 . 007 3 

XSDRNPMd 
Lattice t. 

0 . 90'7 

o . g8o 

1 . 0 1 4  

, . oos 

o . gso 
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VI. <XIiCLOSIOIS 

Tbe signif'icant results ot tbe par.atric atuclies, the bencbaark 

critical analyses and the disrupted core analyses are s..,-ized. 

PlrMetric $tudies--Intinite tuel-pin lattice and intiDite tue�-

coolant aedia aualyses indicate that, vbile the tu!l aa&e��blies in 

ypb9rated water are !!I'Mierwoclerated, the .hi&J! soluble boron content causes 

the .Shutdmm coptiguratiop to be oyerwocieratecl. Therefore, core disrup-

tiva aechani•s vbicb raaove the coolant tro. t:le core introduce positive 

reactivity insertions. Core disruptive .ecbanisas introducing positive 

reactivity are : 

1 .  7uel pin lattice-pitch reduction, 
2 .  Fuel pin swelling, 
3 . Zr02 1D coolant channels, and 
Ja .  Fuel displaca.ent into U30e-B20 + B mixtures . 

At very low water-to-fuel voluae ratios ( <0 .6 for 2!100 VI'PDI boron, <0 .4 

for 31 80 vppm boron ) ,  the borated syst•s become undeJ'Iloderatcd and any 

turther ejection of the coolant reduces the system multiplication factor . 

As a liaiting case , an infinite aedium of dry 0( 2 .97 ) 02 has a mul tiplica­

tion factor of 0 .66 . 

senctpark Critical Aoalxua--Tbe Three Mile Island Unit 2 reactor in a 

critical configuration at bot, zero-power startup vas analyzed as a 

benchmark experiment. Tbe result� ot this analysis validate tbe analyti-

cal methods used in this stud'l tor the foll�ing reasons: 



, ( 

32 

1 .  Tbe IIUl tiplication factor tor tbe bencbMrk configuration agreed 
well with tbe expected Y&l.ue drawn rro. the analyses or a1al.lar 
critical experiaents us1nc tbe saae transport prosr•s and tbe 
.W.ti&J"Oup, ISDF/B-IY based, Deutron cross sections. 

2.  Good aareeaent vas obtained between iDdependent analyses or tbe 
benct.aJok configuration U.!'iiJC tbe Monte ca •lo t!"anaport progr•s 
fi)RS£-SIC/S and Dlo-IV .. 

3 . Good aareeaent was obtained between calculated control rod vortbs 
and those predicted by the Babcock c1Dd VUcox CoapaDJ. 

•• Good aarea.ent vas obtained between calculated luapec1 burnable poison 
rod vortba anc! those predicted by tbe Babcock aDd Wilcox Ccapany. 

Disrupted eon tutues--The analysi:. or three disrupted core IIOdels 

and a cold shutdown, nor.al-core base case yielded several iaportant con-

sideratio� . 

1 .. Positive reactivity insertions due to tbe various core disruptive 
mecbanisas increased tbe systa. multiplication factor rroa 
approxi.Mtely 0 .. 7 JJ to 0 .. 86 .  

2 .  To a first order approximation, the increase in reactivity for tbe 
three aodels can be correlated with a oecrease in the brJrated 
water-to-fuel volume ratio. 

3 .  Tbe reactivity vortbs of tbe control rods and the l•ped burJA&ble 
poiaon roda are significantly reduced by tbe biBb soluole boron 
content in tbe reactor. 

JJ .  The presence of fixed absorbers in the disrupted portions of the 
core significantly reduces the reactivity vortb or the soluble boron. 

5 . The water-to-t't el volu.e ratio correspondin& to the aaxiaua syst• 
.ultiplication factor is influenced by neutron absorption due to 
either fixed ab.orbers or the soluLle boron. 

• 

' 

• 
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APPENDIX A 

Core Design Data 

In order to provide a complete set of tb� information upon which tbis 

study vas based , certain tables and figures were 'lxcerpted tr011 the Final 

Safety Analy·3is Report for inclusion in this appendix. 

Reactor Vessel & Internals - General Arrangement, Fig. 4 . 2-3 

Reactor Vessel & Internals Cross Section, Fig. 4 .2-4 

Rod Locations, 0-200 FPD, Fig. 4 . 3-25 

Cycle One Fuel Loading Scheme , Fig. 4 . 3-1 
(Modified to include locations of fixed absorbers ) 

Core Design Data, Table 4 .3-1 

Nuclear Design Data, Table 4 .3-2 

Fuel Assembly Components, Materials and Dimensions, Tabl e 4 .2-1 

Pressurized Fuel Rod, Fig. 4 .2-2 

Fuel Assembly, Fig. 4 .�-1 

Control Rod Assembly Dat.a, Table 4 .2-4 

Axial Power Shaping Rod Assembly Data, Table 4 .2-5 

Control Rod Drive �ata, Table 4 .2-6 

Burnable Poison Rod Assembly Data, Table 4 . 2-7 

Orifice Rod Assembly Data, Table 4 .2-8 

Control Rod Aa�,bly, Fig. 4 .2-8 

Axial Power Shaping Rod Al aembly, Fig. 4 .2-9 

Burnable Poison Rod Assembly , Fig. 4 . 2-12 

Orifice R� A �aembly, Fig. 4 .2-1 3  

Bxceaa Reactivity Conditions, Table 4 . 3-8 

lia 
A3 

A4 

A5 

A6 

A7 

A8 

A9 

A10 

A1 1 

A1 2 

A1 2 

A13 

A1 3 

A1 4 

A1 5 

A16 

A1 7 

A1 8 

A1 9 

I 
� j 1 
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BOL First Cycle Reactivity Control Distri�tion, Table - -3-9 

Soluble Boron Levels and Vortb--First Cycle, Table 4 .3-1 1  

Control Rod Vortbs, Table J& .3-12 
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Fig. 4 . 2-3.  Reactor Vessel and Internals - General Arranaement 
Three Mile Island Nuclear Station Unit 2 
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,_ FUEL ASSEMBLY 

_.. - CONTROL ROD 

ASSEMBLY LOCATION 

......_ INCORE INSTRUMENT 
LOCAnON 

- REACTOR VESSEL 

THERMAL SHIELD 

CORE BARREL 

SURVEILLANCE SPECIMEN 
HOLDER TUBE 

Fig. 4 . 2-4 Reactor VeBsel and Internals Cross Section 
Three Mile Island Nuclear Station Unit 2 
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6 8 5 6 5 8 6 
4 7 3 3 7 4 

5 8 5 8 5 
4 2 2 4 

6 1 6 

B a n k N o . R o d s P u r p o s e  

1 4 S a f e t y 

2 8 S a f e t y 

3 8 S a f e t y 

4 8 S a f e t y 

5 1 2  R e g u l a t i n g  

6 1 2  R e g u l a t i n g 

7 9 F; e g u l a t i n g  

8 8 A P S R  

rta. 4 . 3-2 5 .  llod Locations , 0-200 rPD 
Three Mile Island Nuclear Station Unit l 
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• l a t c h  A i 1  d i l, h a r g ed a t  t h e  e n d  o f  t h e  f i r 1 t  c y c l e 

Fig. & . 3-1 .  Cycle One Fuel Loading Scheme 
Three Mile Island Nuclear Station Unit 2 
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Table 4 . 3-1. Core Design Data 

A .  Reactor 

1 .  Design heat output , MWt 

2 .  V�ssel coolant inlet temr�rature , F 

). Vessel coolant outlet temperature , F 

4.  Core coolant outlet temperature , F 

5 - Core operat ing pressure , psig 

B .  Core and Fuel Ass�mblies 

1. Total No. of fuel assemblies in core 

2 .  No. o f  fuel rods per fuel assembly 

3.  N o .  of control rod guide tubes per 
assembly 

4 .  No. of in-core instr. pos itions per 
fuel assembly 

5 .  Fuel rod outsi de diameter , in . 

6 .  Cladding thickness ,  in . 

7- Fuel rod pitch , in. 

8 .  Fuel assembly pitch spacing, in . 

9 .  Unit cell metal/water ratio 
(volume bas is ) 

10 . Cladding material 

c . !!!tl. 
1 .  Material 

2 .  Fol'lll 

3. Pellet di�eter , in . 

4 .  Active length , in . 

5 .  Density , J of theoretical 

2772 
557 
6o7. 7 
610 .6 
2i85 

177 
208 
16 

1 

0 . 430 
0 .0265 
0. 568 
6 . 567 
0 . 62  

Zircalqy-4 ( cold worked )  

uo2 
Dish-end, cylindrical pellets 

0 . 370 
144 

92. 5 
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Table 4.  3-2. Nuc:le'lr Design Data 

Fuel Assemb].y Volume Fractions 

Fuel 
Moderator 
Zircaloy 
Stain1ess steel 
Void 

Total 002 ( BOL) 
First core , mtUOz 

Core Dimensions 

Equivalent diameter, in. 
Active height , in. 

Unit Cell H20/U Atomic Ratio , Fuel Assembly 

Cold/hot 

Pull-Pover Li fetime 

First cycle , days 
Each succeeding cycle , days 

Fuel Irradiation 

?irst cycle avg,  Wld/mtU 
P�ch succeeding cycle , MWd/mtU 

FUel Loading 

Core avg rirst cycle , vt% 2 3 5u 

Control Data 

Control rod material 
No . or full-length CRAs 
No . or APSRAs 
Worth of 61 full- length CRAs , ( �k/k )% 
Control rod claddi �� ru�terial 
No. or BPRAs 
BPRA claddinc material 

BPR poi son ��terial 

0 . 303 
0 . 580 
0. 102 
0.003 
� 
1 . 000 

93 . 1  

IJ21 
264 

14 ,220 
9 ,600 

2 . 57 

.Ag-In-Cd 
61 
8 
11 . 1  
55304 
68 { fi rs t  cyc le only) 
Zi rcalo;,.- 4 ,  
cold-vorked 
B�oC in Al 2 0 l  

• 

• 
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Table 4 . 2-1. Fuel AsseiBbly Components , Materials cmd Dimensions 

Item 

Fuel flod ( 20 8 }  

Fuel 

Claddi ng 

Fuel rod pitch 

Act ive fuel length 

No�. fuel-cladding 
gap (BOL} 
Cera"!li c spacer 

Fuel Assembly 

FA pitch 

Overal l length 

c� guide tu� � ( 16 )  

Instr t- .Jbe ( 1 )  

End fitt ings ( 2 )  
Spacer grid strips ( 8 )  

Spacer s leeve ( 7 ) 

Material 

uo2 s intered pellets 
(92 . 5J TD) 
Zircaloy-4 

Zirca1oy-" 

Zit'caloy-4 

SS ( castings ) 

Inconel-718 

Zircaloy-4 

Dimensions, in . 

0 . 370 diameter 

0 . "30 OD X 0 . 377 ID 
x 153 . 125 long 

0 . 568 

144 

0 . 007 

o . 366 on 

8 . 587 
165 . 625 
0 . 530 on x 0 . 016 vall 

0 . "9 3  OD X 0 . 441 ID 

0 . 55 4  on x 0 . 502 ro 

j 
1 
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Pig .  4 . 2-2 . Prepressurized Fuel Rod 

Three Mile Island Nuclear Station Unit 2 
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Pig . 4 . 2-1 . Fuel Assembly 
Three Mile Island Nuclear Station Unit 2 
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Table 4 . 2-4. Control llod Asseably Data 

ltea Data 

Ku:nber of eRAs 61 
N�ber of control rods per asse�b ly 

Outs ide diameter of control rod , in. 

Cladding thickness , in. 

16 
o . IJ4o 

0 . 021 

Cladding material 

Eng pl� material 

Spider material 

Poison material 

Fe�e coupling material 

Length of poison section , in.  
Stroke o f  control rod, in. 

30b SS , cold-vorked 

)OJ, SS , annealed 

SS grade CF3M 
8o% Ag , 15% In , 5� Cd 

304 SS , annealed 

134 

139 

Table 4 . 2-5. Axial Power Shaping Rod Asseably Data 

I tea 

Number ot APSRAs 

Number ot APSR/assy 

OD ot APSR , in. 

Cladding thickness , in . 

Claddi ng material 

Plug material 

Poison material 

Spider material 

Female coupling m&teria1 

Length of poi son section , in . 
Stroke of APSR ,  in. 

Data 

8 
16 

0 . 440 

0 . 021 

304 SS , cold-worked 

304 SS , annealed 

Bo% Ag ,  1 5% In , 5% Cd 

SS , grade CF3M 

304 SS , annealed 

36 
139 

• 

• 

• 
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Table 4 . 2-6 . Control Rod Urive Data 

I te:n Control Axial "OOV'!r shaoing 

lltl!:lber of drives 61 8 
Type 

Locat ion 

Direction of trip 

Maximll!: travel time ro:· 
trip at full flov 

Roller nut 
Top-mounted 

Do-.m 

Roller out 
To� -mounted 

Does not trip 

2/3 insertion , s 
3/4 insertion , s 

1 . 40 
1- 5'• 
139 
2500 

Does not trip 
Does not trip 

139 
2500 

Length or stroke , in . 
Design pressure , psig 

Design temperature , F 
Wei&ht or mechanism, 
( approx ) ,  lb 

450/65o ( a) 45•1/o50.( a) 

( a) •. See .. .  2 .  3.  3 . 1 . 1  

9110 91;.J 

Table 4 . 2-7 . Burnable Poison Rod Assembly Data 

Item Data 

Hueber BPRA' s 
Fir�!. cycle 
Equilibrium cycle 

Number or burnable poison rods 
pe:r assembly 

Out::; i de diameter or burnable 
poison rod, in.  
Cladding thickness , in . 
Cladding materi al 

End cap material 
Poison material 
Length or poi son section , in.  
Spider material 
Coupling mechanism material 

66 
None 

16 

0 . 430 

0 . 035 
Zircalqy- 4 ,  cold-vorked 
Zircaloy-4 ,  �nealed 
.U203-B1tC . 

126 
SS , grade CF3M 
Type 304 SS ,  annealed and 
17-4PH , condition HllOO 



A-14 
Table 4. 2-8. Orifice Rod Asseably Data 

Item Data 

. 

ffUl'lber of ORA 97 
first cycie 40 
Equi l ibrium cycle 108 

Number of OR/assy 16 
OD of OR , in . 0. 48o 
Orifice rod !!l&terial 304 SS ,  annealed 

Spider material SS , grade CF3M 

Coupling mechanisM materi al 304 SS ,  annealed , and 
17-4 PH , condition HllOO 
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Fig .  4 . 2-8 Control Rod Assembly 
Three Mile Island Nuclear Station Unit 2 
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TOP mw 

NIUTJtON MSOII81NI IIATPIAI. 

Pig. 4 . 2-9 .  Axial Power Shapin,g Rod Assembly 
Three Mile Island Nuclear Stati on  Unit 2 
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Pig. 4 . 2-12 . Burnable Poison Rod Assembly 
Three Mile Island Nuclear Station Unit 2 
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Pig. 4 . 2-13.  Orifice Rod Assembly 

Three Mile Island Nuclear Station Unit 2 
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Table 4 . 3-8 .  Excess Reactivity Conditions 

Reactor core condt i oa( a) 

Cold. 70F. clean 
Hot.. 532F • clean. zero paver 
Hot.. 58IIF. clean. full paver 
tfot.. 58IIF • full power • equilibrium 
xenon and sasarium 
Single fuel assembly ( b )  (vet ) 
TVo fuel ass�lies(b ) (vet.) 
Sil16le fuel asse::bly ( b ) ( dry )  

TVo fuel assemblies(b ) ( dr,r )  
Cold array(c ) 

(a)First eyc:l.e at BOL. 68 BPRAs in core . 
(b )Based on highest probable earichllletit 

ot 3.5 vtS. 
(c:)A center-to-center ass�ly pitch of 

21 inches is required for this kerr in cold. unborated vater vi th no 
xenon or samari\1111. 

kerr 
1 . 252 

1 . 205 

1. 182 

1. 133 

0. 10 
1.01" 
0.01 
0.0" 
0.90 

Table 4 . 3-9 .  BOL First Cycle Reactivity 
Cont rol Distribution 

Reaeti rl. t7. 
S&/t 

Controlled � Soluble Boron 
Moderator teiiiP deficit (70 to 532P') 3.4 
Equil Xe and Saa 3,5 
FUel burnup and fission product buildup 10. 5  
Transient Xe 1.0 
Controlled by BPRAI 
Fuel burnup and .tiasion prO<Wct buUclup 

Controlled � Movable CRAB 
Doppler deficit (0 to 2172 Milt ) 
��derator � deficit 

( 5 32 to 584F) 
Di lution control 
ShutdOir.l urgin 
Xenon undershoot 

4.4  

1 . 2  

0.0 
0.2 
l.O 
0 . 4  
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• 
Table 4 . 3-11. Soluble Boron Le""·els and 

Worth - First Cycle 
• 

BOL Boron 
Core Conditi<.'ns Level , ppm 

TOF , keff = 
0.99 

llo CRAs in 1582 
Al.l CRAs in 1057 

I One stuck CRA l ( full out ) 1321 
I I I 532F, 0 pover, k

eff = 0.99 I I i r No CRAs in 1710 l All CRAs in 741 

I One stuck CRA ( Full out ) lo83 

584F , rated paver,  ! k
eff = 

1. 00 
I 
f • 1540 . No CRAs in t 
I i 584F, rated pover, equil Xe and I � Sm , keff = 1 . 00  I I 

No CRAs in 1175 

Boron vorth1 (%6k£k )£pl!! 

584F, rated paver 1/lOC 

70F, zero pover 1/75 

• 

• 
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Table 4 . r12 . Conlrol Rod Worths 
• 

Worth at Full Pover 

Sequential vorth � 
% � 'k 

Grou:2 number Purpose No CRA' s  BOL EOL 

1 Safety 4 0 . 5 0 . 3  
2 Safety 8 2 . 2  1. 9 
3 Safety 8 1 . 5 1 . 4 
4 Safety. 8 1 . 2  2 . 1  
5 lteg. 12 2. 4 1 . 8  
6 F.eg .  12 1 . 8  1 . 6  
7 Reg. _.2_ ...b2 1. 0 I Totals 61 11. 1  10. 1  I Maximum stuck rod vorth 3 . 6  2. 0 
Maximum ej ected rod vorth 0 . 31 0 . 19 } 1 • 

Worth at Hot Zero Pover I 1 l 
1 Safety 4 0. 5 0 . 3  l ' 

2 Safety 8 2 . 1  1 . 8  
3 Safety 8 1 . 4  1 . 3  
4 Saf•!ty 8 1 . 1  2. 0 
5 Re[; . 12 2. 3 1 . 7 
6 Re,�. i2 1 . 7 1 . 5 
7 Reg . 9 1 . 4  1 . 0  

Totals 61 10 . 5 9. 6 

Maximum ej ected rod vorth 0 . 58 0 . 47 

Worth at Cold Conditions 1 70F 

1 Safety 4 0 . 3  0 . 2  
2 Safety 8 1 . 4  1 . 2  
3 Safety 8 1 . 0  0 . 9  
4 Safety 8 0 . 8  1 . 4  
5 Reg . 12 1 . 5 1. 2 
0 Reg . 12 1 . 2  1 . 0 
7 Reg . -it- _.!:..Q. 0 . 7  

Totals 7 . 2  6.b 
• · · -
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APPENDIX B 

MORSE-OOC/S Input Proce4W"f'll! 

Copies ot tbe card 18age input and certain input edits tor tbe 

iCRSE-�C/S •rbree Juap Sl1.111p• disrupted core aodel analysis are 

presented bere. The priary purpose of thu appendix is to provide an 

exaaple of bov arrays are nested using tbe MARS (lful tiple Array Syst•) 

in MORSE-SGC/S. Siailar sets of input were prepared tor tbe II)BSE-SGC/S 

&Dalyses ot the beucbaax·k critical contJ.curation aDd tbe cold shutdown 

configuration. or particular int'eres� in tbis input procedure is the 

creation ot tuel asseablies traa co.binatorial geo.etry input zoaes tol-

loved by the coabination ot fuel as&el!:�lies to tor'll the reactor core. 

Through the Y�S universe specifications, the base level or •null 

universe• consists ot tbe entire systea. This includes tbe o3oe-H20 + B 

mixture as an input zone and the :-eactor core as a truncated array. In 

turn, this truncated array contains the fuel assembly arrays defined as 

universes with negative identification numbers . The various 1t•s in 

tbis procedure are indicated in the following list : 

MORSE-SGC/ S Control Par•eters 

Caabinatorial Geometry Bodies 

Coabinatr..rial a.ometry Input Zone!" 
( lote U30e-oards 1 •3 ,  1 4• ;  RPP' s 
16-1 8 ,  37-.lfO ) 

MARS Universe Speo1ticationa 

Media N\Dbera 

U9 

150-153 

B5 

B5 



ArraJ S1%e Speciticationa 
( lote 15 x 15 x T tor arrar 111 , 
reactor core) 

B-2 

13 Fuel AaaeablJ Arrays ( 1 5  X 15 X 1 )  

Seven 1 5  x 1 5  Arrays f'or Axial LeYels 
in Core 

Splittins aDd Russian Roulette 
Paraaeters 

M:l.xiog Table tor Macroacoric Constants 

Fission Reutron EDergy Distribution 

MORSE-SGC/S Edit ot Control Par•eters 

Printer Plots ot 1 l  Fuel Aase.bly Al"raya 
(Eacb syabol denotes a pin type ) 

Printer Plots ot T Axial LeYels in Core 
(Eacb aegative sy.bol denotes a tuel 
aaseably array, note disrupted reaion 
in levels 5 ,  6 ,  and T) 

Cards 

1511-155 

156-1 87 

1 88-279 

280 

?81 

282-295 

296-300 

I 
.bu I 

B5 • 

• 

B5 

B6 

lr1 

lr1 

lr1 

lr1 

B7 

B8-B1 11 

B1 5-B1 8 

• 
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MORSE-5GC/S Control Parameters 

and 

Combinatorial Geometry Bodies 

t 
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APPERDII C 

DNo-IV Input Procedures 

Copies of tbe card i.Uge input and certain input edits for the DN�IV 

•Displaced-Fuel Slu.p• and •In-Place Fuel Slu.p• disrupted core .adal 

analyses are presented here. Tbe prillary purpose of this appendix is to 

deaonstrate the use of the MAKARA! aodule in prepari.IJ& tbe llixed-box 

orientation array for ON� IV. MAXARAY is a prosr• developed to siaplify 

the specification of IDo-IV input data for large arrays. The approach 

taken is to first specify subarrays, in this case fuel asse��blies, and then 

combine the subarrays to form the mixed-box orientation array. The 

one-quarter core geometry shown in Fig. •.3-1 of Appendix A is the core 

geometry specified be��. It consists of a 120 x 120 array �' pin lattice 

locations, water gaps between assemblies, and water peripheral to the core. 

It includes seven unique combinations of fuel types and fixed absorbers 

defining 15 x 15 unit subarrays interior to the core. Additionally , along 

the horizontal core midplanes there are five unique 15 x 8 subarrays, 

five unique 8 x 15 subarrays, and a central 8 x 8 subarray. Hemicylinders 

are used to specify the fuel and absorber rods located on the core 

midplanes. The various items appearing in the input are indicated in the 

following list : 

NITAVL Input for Cross Section Processing 

MAKARAY Input for Core Mldplane Arrays 

HAKA�AY Input for 6 Full Assemblies ( 15 x 15 ) 
�KARAY Input for Peripheral Vater ( 15 x 15 ) 

and Water Gaps ( 1  X 8 ,  8 X 1 ,  1 X 15 1 15 X 1 ,  1 X l)  

.f&U 
C3 

C!l 

C5 

· ·. I _jJ 



C-2 

HAURA.l Input tor 7th Full A.see.bly (Fuel c-Box 6 ,  
LBP2-Box 8, 2Ja th subarray specified ) 

HAUR.AY Input tor C:O.biniag SUbarrays 

mi�IV Control Paraaeters Edit 

mil� IV Mixing Table tor Macroscopic Constants 

mi�IV Box Type Specifications 
( Rote Box 6 for Fuel c-Material 3 ,  Box 8 for 
LBP2-Material 5 ,  each with Zr Clad-Material 9 ) 

RITAWL Table of Contents 

Printer Plots of MAKARAY Subarrays 
Core Midplane Arrays 

Full Asseably Arrays ( 15 x 15 ) 

Peripheral Vater ( 15 x 15 ) 

Vater Gap ( Subarrays 20 , 21, 22 , 23 omitted ) 

2Jath Subarray for Fuel c-LBP2 
( Rote Box Type 6 and Box Type 8 )  

SUbarray Combination for Mixed-Box Orientation Array 
(Center or core is subarray 1,  Rote subarray 2- )  

Portion of Mixed-Box Orientation Array 
(Note Fuel-C, LBP2 Assembly) 

IEN�IV Mixing Table for •Displaced-Fuel Slump• 
Model Analysis 

Input Stream for •In-Place Fuel �lump• Model Analysis 
(Note differences between thi s  and previous case 
tor RITAVL resonance proceP4ing data, KER�IV 
llixing table, I!No-IV ape�r�tications tor the 
fuel radius and heigbt .  Tbe HliARAY specifications 
are the aa.e tor both oases. 

C5 

C6 

C6 

C7 
C8-C9 

C10 

C1 0-1 5 

C16-C1 8  

C 1 9  

C 1 9  

C20 

C20 

C21 

C22 

1 l 

l ! 
l 
l 
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, 5 5 5 5 9 5 ! 5 ' ! ' 

! ! ., ,-!---�-- · - - - - -· - - ------ --

-- ---,.---�---,.-! 5 5 , 
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15 5 9 4 7 7 1  I l l 0 
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1 7 l:f &;J J 'J 9 I I I I 0 II I 1 " I I  I I  I · I I I 0 --.J4-I I . 1  ----1 I I I 1 ---1- &-1--4J--·-
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