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RECRITICAliTY YOTENTIAl 

OF THI-2 CORE 

C. R. Harotta 

INTRODUCTION AND CONCLUSIONS 

This memorandum considers the conditions under which the THI-2 core may 

achieve an unplanned criticality (before final dismantling) by analyses of 

mathematical models of various 1}11-2 core configurations and boron concen

trations using reasonable conservative scenarios reflecting the recent NRC 

assessments
1 

of core damage. Common to all models in this analysis are 

the assumptions of comolete toss of both All movable control rods (Ag-In

Cd; total worth ~ 10% in k) and All fixed burnable poison rods (At
2
o
3
-

e4c; total worth ~ 4.4% in k) . The above assumptions are reasonable 

(alt~ough highly conservative) since from Reference (1) it appears that 

the temperature of un~ueled components lagged the temperature of. fuel rods 

(exceeded 1750°C) by only about 20°F. Consequently, in the hot region of 

the core, Zr components should have oxidized, and components with Inconel, 

stainless steel and Ag-In-Cd should have melted. The poison, boron, of 

the fixed burnable rods is probably also lost since boron is known to 

leach out of B4C-Al2o3 pellets when exposed to water in a radiation 

environment. Boric acid in the moderator/coolant is assumed as the only 

poison keeping the reactor in a subcritical state for all calculations. 
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The mathematical-criticality analyses were performed using the KENO 

Monte Carlo computer program together with the 123 group GAM-THERMOS neutron 

cross section set. The core was modeled (cbntaining onl~ latticed fuel 

pellet-clad-moderator) geometrically in 3-0, quarter symmetry, explicitly 

describing every fuel rod at the pitch under consideration. The central 
11checkerboard mixture•: of 1.9~ and 2.64% enriched fuel assemblies were 

modeled as assemblies having an effective enrichme~t of 2.31%, occupying 

two distinct regions: a central square (33% of core) surrounded by a 

square annulus (33~ of c.ore) of identical rods. The outer pc.rtion, 

containing 2.96% enriched fuel assemblies, forms the last square annulus 

(34% of core). A different boron- concentration can be specified for each 

of these three regions. A two-foot unborated water, all around reflector 

surrounds the above-described core. 

The most reactive core configuration established was that of all 36,816 uo2 
(model assumed 36,864) fuel rods with clad intact and all rods taken at . 
a reduced pitch (fror.1 "as built11 1.44 ems to 1.26 ems). Thi!; 11worst case11 

of reactivity was arrived at by KENO cell parametric studies of k~ versus 

enrich~ent, boron concentration and pitch spacing. 

Since the TMI-2 coolant will eventually reach room temperature, all 

criticality analyses were performed at this most reactive (neutronically) 

temperature. The moderator density was taken as 1.0 gm/cm3 ·and the fuel 

(U02) dens i ty was assumed as 95% theoretical . 

168 15/ 
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Some confidence is established in the above calculational procedure for the 

configurations of interest noting the successful KENO run for the critical 

THI-2 core (zero power, hot 530°F, clean, all rods out). This critical had 

a boron level of 1500 ppm. The Keff calculated for this configuration at . . 
room temperature was 1.040! 0.004. Since the fixed a4c burnable poison 

rods were estimated to have worth of 4.5% in keff and the modeling assumed 

these rods to be lost, the agreement can be considered excellent. We note 

here that the 0.3% core volume occupied by stainless steel which is also 

neglected in the model is not expected to change the final keff as is the 

contribution from the moderator temperature coefficient of reactivity + 

0. tO x to-
4

, in going" from hot (530°F) to room temperature (70°F), ·i.e., 

the ~ k ~ .0046 is of the order of the unce~tainty in t~e Monte Carlo 

calculations. 

Conclusions from the above analyses are: 

1. A 3500 ppm boron level guarantees subcriticality for all conceivable 
s abnormal states of the TMI-2 ~ore; however 3000 ppm boron ia the 

realistic conservative concentration. It is strongly recor.mended that 

this latter concentration be maintained uniformly '"hroughout the core 

until dismantled. 

2. The peripheral highest enriched regia~ of the core is shown to be the 

most sensitive to boron concentrations . Special boron concentration 

monitoring (if possibile) of at least this region would be prudent. 

168 158 
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3. Reoardless of the boron concentration throughout the core, a slug of 

completely unborated water passing through a minimum of four contiguous 

(in a square) fuel assemblies, the full length of t~e core would cause 

a criticality. Four fuel assemblies corresponds to~ 2% of the core 

volume. 

II. DESCRIPTION OF CALCULATIONS AND SU~~ARY OF RESULTS 

a) Preliminary Parametric Studv 

Figure 1 shows the k~ results as a function of boron concentration for an 

infinite array of TMI-2 fuel assemblies - as built with 208 fuel rods and 

17 water holes at the highest THi-2 enrichment of 2.96~ in the U-235 isotope. 

Since neutron leakage is relatively small in the TMI-2 core, this curve can 

be interpreted as the maximum keff of the core without control rods, burnable 

poisons or fission products. Approximately 2350 ppm boron would guarantee 

subcriticality for the "as built" TIH-2 core· if all fuel rods remain intact 

and maintain the "as built" pitch. Since the effective enrichment of the 

core is 2.57%, the above b~ron level can be considered quite conservative. 

b) Pellet-Clad-Moderator Cell Calculations . 

Figure 2 shows k~ results for KENO infinite cylindrical cell calculations 

for two enrichments (2 .31~ and 2.96~) as a function of water to fuel (W/F) 

ratio in the cell for •ooo, 2000 and 3000 pp~ boron in full density water. 

Examination of th' Figure shows clearly that the 3000 ppm boron would 

guarantee subcriticality for an infinite system at the as-built pitch, 

i.e. , k is less than unity for the as-built W/F ~ 1.69 for both enrichments . . :» . 

168 159 
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All the curves of Figure 2 clearly indicate the reverse trend of k vs W/F 

fer standard LWR undermoderated fuel assemblies in ~borated water. This 

is due to the heavy absorption in the moderator (when boron is present) 
. 

g}ving a positive effect when pitch spacing is reduced. Figure 3 shows the 

usual trend for the TMI-2 rod (2 . 96~ enriched) in unborated water. 

Figure 2 formed the basis in establishing the most reactive lattice pitch. 

Examination of all the curves show that a reasonable average value of a W/F 

~ 1. 0 would give a maximum ~for the two enrichments over the range of 

2000 to 3000 ppm boron. This W/F of unity translates to a pitch spacing of 

1.26 ems frcm the 1.44 em as built pitch. 

c) 3-Region Modeling of TMI-2 Core 

The objective in these calculations w~s to get some handle on the relative 

importance of the core regions (radial only). to criticality as a function 

of the boron concentration. This is the classic boron hide out problem 

considered for control systems. 

Figure 4 is a plan view of the quarter-symmetry of the geometr}· used in the 

KENO calculations for all TMI-2 core calculations. There are a total of 55 

X 55 (or 3025) fuel rods in region A (~ 14 fuel assemblies of 2.31~ enrich· 

ment); a total of 78 x 78 - 55 x 55 (or 3059) fuel rods in region B <~ 14 

3/4 fuel assemblies of 2.31~ enrichment); and a total of 96 x 96- 78 x 78 

(or 3132) fuel rods in region C <~ 15 fuel assemblies of 2.96~ enrichment). 

In this matrix of 9216 rods no water lattices are modeled; in other words, 

there is slightly more U~235 per cm3 of core, however, the total mass of 

168 160 
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fuel in the core is greater by only 0.~% than actually exists in the TMI-2 

core. Since the borated water is replaced by a fuel rod (i.e., the 17 

water holes now hold a fuel rod), this represents a conservatism. A mirror 

b?undary condition is applied along tne +Y axis and the +x axis giving a 

total parallelepiped core. A two foot unborated all~around water ref.lector 

surrounds the core. 

Table 1 gives keff's calculated for the mi-2 core at the as-built and 

the most reacti ve pitch spacing for a variety of ppm boron in the three 

separate regions A, B and C. included in the list is the initial critical 

configuraticn achieved by TMI-2 core, all rods out, with a 1500 ppm boron 

level. 

Results from Table 1 indicate that : 

(1) For an intact core at the r.~st reactive, pitch, 3000 ppm boron uniformily 

throughout the entire core wi ll guarantee subcriticality. 

{2) The presence of Zr clad gives a higher keff' sfnce it would be 

replaced {if lost) by borated water - a much stronger neutron absorber. 

(3) The outer highest EW'iched (2.96:) region is :r.ost sensitf'le to boron 

concentration and appears that maintaining 3000 ppm in 66! of the 

core but lowering the outer 34~ of the core to boron concentrations 

lower than 1500 pp~ can caus~ the core to become critical. 

168 161 
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d) Spherical Pellet Pile . 

These calculations were perforrned to estimate the reactivity effects if 

all the fuel rods were to rupture emptying all their pellets (H/0 ~ 1 

g~ves a spherical pellet radius of .53 ~s) into a pile of bare uo2 

spheres with borated water in between. 

an effective core enrichment of 2.57~. 

Two KENO k cases were run using -
It appears from the results of 

Table 2 that sli~htly more than 3500 ppm boron will t ~ needed to avoid 

criticality here. 

e) Local Criticality (4 FA in contact) 

The~e calculations were undertaken to estimate a minimum ppm boron dilution 

needed for a local isolated criticality in the TMI-2 core. A system composed 

of four 2.96: enriched fuel assemblies, contact in a square array (represents 

2 1/4: of core volume) with unborated water reflector was analyzed for a 

variety of boron concentrations. Results ar~ given in Table 3 and show that 

regardless of the aw~unt of boron concentration throughout the core, if 

~ 2~ of the core volume receives a slug of unborated water in a ·localized 

region a criticality would occur. 

168 162 
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TABLE 1 

K ff of TMI-2 Core As Function. Of PPM Boron in Water 
e (No Cont;ol Rods or Burnable Poisons) 

(Room Temp) 

AS BUILT PITCH 

1'1 

MOST REAC PITCH 
L44 ems 1. 26 ems 

·- ~PM BORON l . ,, i 
fPI~ BORON ... 

I I' • ZR-CLAD f A B c Keff ~~~ ZR-CLAD ! A B c ,I Kerf 

ill I YES 1500 1500 1500 1.040 ;! YES 3000 3000 3000 0.944 

0.883 ~~~ YES 
I 

YES 3000 3000 3000 3000 3000 z~oo / 0.954 

110 3000 3000 3000 0.857 II YES 3000 ~000 0.989 1500 

11 YES 3000 3000 1000 II 0.992 

I, NO 3000 3000 3000 0.936 l, 
110 2500 2500 2500 0.977 

I 
li 110 3000 2500 2000 1.000 

... 
All K9 f~ calc. by KEN0-123 Gps, using 15,000 neutron histories and all wit!tin 
~o.oo~ in Keff for 1 St .dev . 

COI'!TAJNS l::!,too l:.Jfl.. RoCS; .:.'31~~ E j J) '!. toltli 

toH":"~o iJS. 1 1. 1't~'-.:'1.1Pt. RoOS \ l .1tr.EjH% cu.' 
_.;~-·--7'7~::::"':i'A::f/IIS 12.,S'Ag ~f-, RrDS • 2.,"'%£·'3-:l••ec J ~ •:. . 

t 
ltl FT' 

Atr.vE · ~~~-.-~:-::--:-=--=---, 

l
~~~v;< r 7~ ~~~~: , 
~©; 
~p~ 

R. ;,y,,....._ R: ~ .!];-.te-l 

p ,. p•i'C:: 14 
= r.~"fc..,, s or J, 2~ ,..,s 

LJ _. D IL -, 6. r-J'I r.o. TA e 1-c i 
1 
AB~v ~ S \(SfC.n ~ rr 0 ,.......,,~ )68 163 . 
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TABLE 2 

K! for Bare uo2 Spheres, 2.57% EtiR. 

-}n Contact as Function PPM-Boron 
Pellet H/0 a 1, Rs a 0.538 crns. 

PPM 

3000 
3500 

1. 030 + 0. 004 
0.997 ~ 0.004· 

.t'KEfiO cell calc.," 123 gps, 15,000 neuts 
hi st. 

TABLE 3 

K;ff of Four, 2. 96~ EfiR. Fuel Assy' s 
In Contact Square Array 
As Function PPI~ Boron 

Efl1 
2500 
2000 
1500 
1 r.')O 

soo 
0 

Ke.ff 

0.839 + 0.004 
\.1.265 + O.C04 
0. 886 ~ 0.004 
o.924 +o.oo4 
0.953 + 0.004 
1. 000 ~ 0. 004 

" KENO calc.-123 Gps; Explicit Oesc. of 
900 Fuel Rods in Borated Water 
surrounded by 1 foot unbora!ed water 
reflector 

• 

·- ----- --·-

. .. __ ....._.. . 
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TAE:Z 1.. 3-l. 
CO~ ~ES:~1 O~T~ 

2. Ve~sel coolan~ i~le: te:rer1~are, • 

). Vessel cool~: ou:le: te:~erature, F 

4. Core eoo!a:t outle~ te:~er~ture, F 

5. Core c~e::-at!~g ~ress~re, ~sig 

27i2 

55i 
607.7 

6!0.6 

2185 

3. Cc:~ ~~d Fuel Asse~blies 

l. 

2. 

3. 

4. 

;. 
6. 
7. 
8. 

9· , 

Total - ~o. o!' fuel asse:~lies i~ core 177 

!lo . or !'~el ::-cl!s per t'\;el a.sse:.bl:r 208 

::o. o!' c:::.t::-~1 ::-cd ;-.:ide tu~es per 16 
&.:!se:~l:r 

lo. o!' 1:-core i~st::-. pcsitic~s pe: l 
!'~el asse=*l:r 

rue: ::"0~ c~~s!~e ~~e:eter, in. 

Cl~~~ng thic~~ess, in. 

Fuel as~e:bl;r p!tcb spacing, in. 

Cn!t cell :e:al/~~ter rat!o 
{·tolu:e ba.sis) 

o.t.;o 
0.02f5 

0.~62 

8.567 
0.82 

10. Zi::-:~~~-4 {cold vorked) 

C. Ft!~l 

2. Fo%":3 

3. ?ellet d!a:ete:, !~. 

4. A:ti"te le::~~. i!l. 

UOz 
Ois~-e:.d, ey!ind:!cal rell!tS 

0.370 

144 

92 . 5 

168 
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TASU: 4.3-2. 
mJCu::.l\ D:::S!Gll Dt..!A 

Fuel Asse:bl.;( Vol•·-e Fraet.ions 

l\lel 
Moderator 
Zirea.loy 
St.air.less steel 
Void 

To~al uo~ ( 50L) 

Core D!.:e~sions 

~~iva!ent dia:e~er. in. 
Act!.~e heig~t. in. 

Cold/!lot. 

Full-?o~er Li~et!:e 

First cycle. d&ys 
!aen suceeedi:g cycle. d~vs 

First cycle a·:s. ~r.ld/:~'J 
!ae~ sueeeedi~~ cycle. ~~~~=~U 

Fuel tcadi~g, 

Control Data 

Cont~ol rod :ater!al 
No. or ~~-len~~ C?~s 
!lo. o~ :.?S?J.s 
-orth c! 61 ~ull-length C7~s. (~k/k)% 
Ccn~~ol rod clad!!ng :&terial 
::o. or :r?~s 
Bf~ claddir.g :aterial 

b. 3-20 

0.303 
0.580 
0.!02 
0.003 
~ 
1.000 

2.85/2.06 

421 
254 

14.220 
9,600 

2.57 

~-4:t-C! 
61 
8 
ll.l 
SS304 
C!l. ( first ey:le cn!:r} 
Z!:-:alo)•-14 • 
col•t-vcrl<.e:! 
B .. C i~ .U203 

168 J7 (: 
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T~!.E 4. 3-5. 
MC!l::.:t:.70R '!E:-!?!:.:.:u:;:: C')EIT:cr::;:-

r:o. of !'-.;~!. use:'tl!es !:t c:o:-e 

I:t!~i~l e:i~ic~l c:on~itio~· (hot, full po~er, clea:t) 

aoro:t c:or.c, Pz:::1 
c~ i:tse:ted vcrth, %~~/k 
E?R poison vc:~~. %!k/~ 
Xode:a~or ~e:p c::e~!. 10-~(6~/k)/:{a) 

':"h:es~ol:! ·:ct:e o! :c:e:ato: te:j) c:oe~! !or 
a:!.:~:~al i::s:a':l!li::r, lo-"(ll~/k)/:(':l) 

Re !'e:-e::.c:e •::1lt:e, so:= fliltoes:s 
:.sse:!:& cc::po~d e:-:-crs, 50~ !lat::.~:s:s 
Re!'e:e::ce val~e, 25% ~::1t::.e~s 
A3su:i=g cc:pour.d ~::o::s, 25~ !lat::.ess 

Mode:a~or te:p cce!! at end or e~uil fuel cycle, 
10-.. (.~k/~)/: 

Mode:ator te:j) c:oe!: at end o: t'i:s~ c:rcle, 
lo-"(.~ ... '</it)/F' 

Pc~er coe!!' at 30L vith 12;0 rr= bor:n, 
lo-6 ( t.kh) /Y:fit 

(a) 
~·o-d!:e::.s!cnal !sother--~ calc:~a:!on:s. 

171 

2.57 

15.661 

!5~0 
0.7 
4.11 

+0.10 

+1.5 
+0.7 
•2.2 
+1.2 

-3 .0 

-2.6 

-4.34 

(~)Valt:es !reo codal anal:rsis, ~~~ee-di:ensional c:alc:~-
1at!on:s s~cv :t:c:~ g:e:1ter s~ab!l!t:r; re!e:ence 3A~-l0010. 

168 J/ 1 
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T.t.=U: II. 3-8. 
::xczss ?.!~cr!·:In co:t~!::c:ts 

Cold, 7Cr, elee:. 

He:, 5eL:, ele~~. ~l Fewer 

P.ct 9 5Ct:, full ~~~r. @~~i!ib~i~ 
xe~on e:.~ se.::a.ric: 

Si~gle !uel asse:=ly(b) (~e:) 
~~0 ~~el asse:~lies(b) c~et) 
Si:gle ~~el ~sse:~ly(:) (~J) 

'No !'uel asse~lies(b)(d::t) 
Col C. &:':'<!.Y( e) 

{a)-:{- ..... , . 6 .. .,,.,r ~o- ·-=·s ..... c-·--s-cJ---c;o. .. :::::v.-,- ;,r.W'\ ..... ""'.e. 

{b)Ease~ o~ ~ig~est ~ro:~ble e~ric~e~~ 
o! 3.5 vt~. 

{c)~ ce:~e:-to--ee~~er asse:bl7 ~ito: o! 
21 i:ches !s re~~red !cr this k ,# 
in cold, u:bcra~ed vater vi~: noe •• 
xe::cn or sa:a:iu::. 

Cc::trolled bv Soluble 3crc~ 

~oderator te:? de!!ci~ (iO ~o 532:) 
~~·.!il Xe L":d S= 
~el ~u.~~~ L~d ~iss~== ~r:!~=~ b~il=~~ 
:ra.:.s!.e::l'~ Xe 

C:~'tr':ll:e~ :v !·~c·:a.'ble C!'.As 

:~p;:ler ~e!"!.d t ( 0 t: 2772 :.:-.::) 
•.f ... "'e·••-r •e-':) .... ,.,c•· 
"'{5;2-~; 5e~.r·, --· · · · 
Di:~~!:= c:~t~el 
$~·~· .. ~:--: :ar;!:l 
;<e:-::~ ·.::.!e:s~-:c:o: 

1.252 

1.2:)5 

l.l€2 

1.133 

0.70 

1.014 

o.o; 
0.04 

0.90 

?.e!.cti ·:i ~J', 
~!k/k 

3.4 
3.5 

10.5 
1.0 

4.4 

1.2 

o.o 
0.2 
\.0 
0.4 

17 
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TA.!!U: 4. 3-11. 
SO!.U=U: 30!\C:: u;-,:;:.s A:::> 

~~R:~ - FIRS~ CY~U: 

Co:-e c:on~i~ic::s 

;o:, k ~, • 0.99 e •• 

So eRAs in 

All CRA3 !:::1. 

O::le stuck eRA (full out) 

~:o C:Us i:t 

A1.l CPJ.s in 

C:e st:.:c:~ C?J. {F'.!ll o~:.~) 

!lo C?.As 1:::1. 

5€4:, rated ¥O~er, e~uil Xe e:t~ 
So, k 4"' ,. 1.00 e .• 

!io eRAs 1:1 

;64:, r~~ed ~ver 
70?', :.ero ;c·.:er 

SOL boron 
leve:!., ~'::I 

1582 . 

1,057 

1327 

1710 

741 

J.OB3 

1175 

l/lCC 

l/75 

I~ 

168 173 
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3 

3 

J 

J 

3 

eatch r:o. 

2 

3 

3 3 3 3 3 

. 3 3 I 3 1 2 3 2 3 3 J 

3 3 1 I 2 1 1 2 I I I 2 I I 3 13 

3 3 I I 2 1 1 2 1 1 2 I I 2 I 13 3 

3 I 2 l 2 I 2 I I 2 I I 2 I 3 

I 
. 

I 2 I I 2 I I t 
J 2 1 2 I 2 I I 2 3 J 

2 1 2 1 2 I I 2 , 1 2 1 2 1 2 ~ ... 
. 

J 2 1 2 I I 2 2 2 1 1 2 I 2 3 1 3 

2 I 2 1 1 2 I 2 r I 2 I I I 2 . 1 2 3 

3 2 1 2 I .1 2 1 2 1 2 I 2 3 1 
-

3 1 I 2 I 2 I 2 1. I z 1 2 I ·I 3 

3 3 I 2 

J 3 I I 
L 3 3 I 

FIRST CYCLE CORE 

TMI-2 

I 2 I 2 I 1 

2 I I I 2 I I 2 

3 1 2 3 

3 3 3 

w;o uz;s 
1. 98 

2.64 

2.96 

2 1 3 

3 I 3 

I 2 1_ I 3 3 

1 I 3 i 3 

3 3 

168 1 7 4 
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X X 

X X X X · x 
X X X X X X 

X X ·x X X 
. 

X X X X X X 
X X X X X X lx 

X X ·x X X X 
X · X X X X X X 

X ·x ' X · X X X 
I 
\ , 

X X X 
I x · X 

, X X X X X X 
X X X . X X 

. X X 

168 I 7 5 
. 
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lOCA i iC~ OF FUEl ASSEI.IBLIES CC~TAIN INC 
eUR~ABLE POISOH RODS 

niR.E£ ~It£ tsl.A!'I/D ~1.!Cl.FAR STATIO~ li'NIT 2 
~~ffi~ .. ... 
~ -~--- W ~!CUR~ A.J-2 

~~ - · 



.. 

4 

' 5 

4 7 

6 8 
! 2 3 

7 5 
2 3 

6 8 

4 7 

5 
4 

Bank 

2 

3 
4 

5 

s 
7 

8 

I 

;/ 

6 7 6 

2 2 ' 
8 5 a 5 

3 3 7 4 

5 6 5 8 5 

1 1 3 2 

6 I 7 6 5 7 

1 1 3 2 

5 I 6 c; .. 8 s I 
3 3 7 l 

a s al I 5 

I 2 2 .. 
6 7 6 

. I I I 

Ho . Rods Purp~se 

4 Safety 

8 Safety 

8 Safety 

8 Sa hty 

1 2 Rezu1at in & 

1 2 Rezulatini 

9 Regulat in z 

8 APSR 

168 1 7 6 
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f 

·-------

. _r 

5 • --'--+---r-. 
r-+-+-+-+--t--+--' . .:5~-+---:-"1 

r--+-+-~6~~2~-+~2~- 1,~6~~~~ 
J-+-+-5+--t-8-t--t-7-+--r-8 t- : I I 

6 3 3 4 - s 
-5 5 a a 7 7 

• 
s_ 

J-+-~2-+-~3-t-~1-t-~~~r-~3 r-T~-~T~-~ 
7 6 

.5 
2 

6 

Bank 

I 

2 
3 

4 

5 

6 

7 

8 

8 

5 

3 

6 

7 6 

3 
8 

2 
5 

He. Rods 

4 

8 

8 

9 

12 

12 
a 
8 

3 

2 

7 

3 

7 a 
5 

8 5 

6 
5 

j 

Purpose 

Sa fety 
Sate ty 

Safety 
Safety 
Reiulatin~ 

Reiulat ing 
Reiulat ing 
A PSi! 

4 

5 

. . 
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