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MEMORANDUM FOR: Karl Kniel, Chfief
Core Performance Branch, DSS
Office of Kuclear Reactor Regulation

THRU: Charles E. Maclonald, Chief
Transportation Branch
Division of Fuel Cycle anq HMaterial Safety, AMSS

FROM: Charles R. Marotta, Senfor Criticality and
Skielding Engineer
Transpertation Branch, FC, Nil5S

SUBJECT: RECRITICALITY PCTENTIAL OF THI-2 CORE

A number of KEND Monte Carlo 2ralyses were undertaken to establish
the potential of a recriticality in the THI-2 core. It appears that
3500 ppm natural boron uniformly distributed and raintained in the
moderator/coolant will guarantee suScriticality for all credible
possible abnorral states of the core. The extrems assumption of
corplete loss of ail rmovable control rods and all fixad burnable
poisons was a condition for all the calculations.

The study indicates also that the highest enrichaed peripheral region
of the core is controlling for criticality whan accidental boron
(hide out) dilution occurs.

It 1s also noted that ragardless of the beron ccncentraticn in the
ccolant, if a Tocalizad 2 perceant volume of the core (4 fuel assarhlies
in square gscmetric contact) receives unborated water for the full-
Tength of the active core, criticality will ba achieved.

The method of analysis, results, and pertinent data are enclosed.
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RECRITICALITY POTENTIAL
OF TMI-2 CORE

C. R. Marotta

I.  INTRODUCTION AND CONCLUSIONS

This memorandum considers the conditions under which the TMI-2 core may
achieve an unplanned criticality (before final dismantling) by analyses of
mathematical models of various TMI-2 core configurations and boron concen-

. trations using reasonable conservative scenarios Eeercting the recent NRC
assessments] of core damage. Common to all models in this analysis are
the assumptions of complete loss of both ALL movable control rods (Ag-In-
Cd; total worth ~ 10% in k) and ALL fixed burnable poison rods (A1,0,-
B4C; total worth ~ 4.4% in k). The above assumptions are reasonable

e (although highly conservative) since from Reference (1) it appears that
the temperature of unfueled 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 E4C-A1203 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 (containing only latticed fuel
pellet-clad-moderator) geometrically in 3-D, quarter symmeiry, explicitly
describing every fuel rod at the pitch under conside;ation. The central
"checkerboard mixture” of 1.98% and 2.64% enriched fuel assemblies were
modeled as assemblies having an effective enrichment of 2.31%, occupying
two distinct regions: a central square (33% of core) surrounded by a
square annulus (33% of core) of identical rods. The outer portion,
containing 2.96% enriched fuel assemblies, forms the last square annulus
(34% of core). A different boron concentration can be specified for each
cf 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 Lo,

(model assumed 36,864) fuel rods with clad intact and all rods taken at

a reduced pitch (from-"as built" 1.44 cms to 1.26 cms). This "worst case"
of reactivity was arrived at by KENO cell parametric studies of k, versus

enrichment, 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 gmfcm3'and the fuel

(UOZ) density was assumed as 953 theoretical.
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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
TMI-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'cbnfiguration'at
rocm température was 1.040 + 0.004. Since the fixed.34c 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 +
0.10 x 10-4, in going'from hot (530°F) to room temperature (70°F),.i.e.,
the A k ~ .0046 is of the order of the uncertainty in the Monte Carlo

calculations.

Conclusions from the above analyses are:

1. A 3500 ppm boron level guarantees subcriticality for all conceivable
abnormal states of the TMI-2 core; however 3000 ppm boron i: theé
realistic conservative concentration. It is strongly recommended that
this latter concentration be maintained uniformly *hroughout the core

until dismantled.

2.  The peripheral highest enriched region 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.
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3. Reqgardless 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 the core would cause
a criticality. Four fuel assemblies corresponds to ~ 2% of the core

volume.

II. DESCRIPTION OF CALCULATIONS AND SUMMARY OF RESULTS

a) Preliminary Parametric Studyv

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 TMI-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" TMI-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 boron 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 '000, 2000 and 3000 ppm boron in full density water.
Examination of th® Figure shows clearly that the 3000 pbm 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.
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A1l the curves of Figure 2 clearly indicate the reverse trend of k vs W/F

for standard LWR undermoderated fuel assemblies in UNborated water. This
is due to the heavy absorption in the moderator (when boron is present)
giving 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 k, 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 cms frem the 1.44 cm as built pitch. '

c) 3-Region Modeling of TMI-2 Core

The objective in these calculations was 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 geometry used in the —
KENO calculaticns 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 S6 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,

3

there is slightly more U-235 per cm” of core, however, the total mass of
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fuel in the core is greater by only 0.1% 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
boundary condition is applied along tne +Y axis and the +X axis giving a
total parallelepiped core. A two foot unboratéd all-around water reflector

surrounds the core.

Table 1 gives keff'ﬁ calculated for the TMI-2 core at the as-built and
the most reactive 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 most reactive pitch, 3000 ppm boron uniformily

throughout the entire core will guarantee subcriticality.

(2) The presence of Zr clad gives a higher keff’ since it would be

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

(3) The outer highest enriched (2.96%) region is most sensitive to boron
concentration and appears that maintaining 3000 ppm in 66% of the
care but Towering the outer 34% of the core to boron concentrations

Tower than 1500 ppm can caus2 the core to become critical.
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d) Spherical Pellet Pile -

These calculations were performed to estimate the reactivity effects if
all the fuel rods were to rupture emptying all their pellets (H/D ~ 1
gjves a spherical pellet radius of .53 cms) into a pile of bare b‘O2
spheres with borated water in between. Two KENO k_ cases were run using
an effective core enrichment of 2.57%. It appears from the results of
Table 2 that slichtly more than 3500 ppm boron will bz needed te avoid
criticality here.

e) Local Criticality (4 FA in contact)

These calculations were undertzken to estimate a minimum ppm boren 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
iariety of boron concentrations. Results are given in Table 3 and show that
regardless of the amount 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.
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TABLE 1

Keff of TMI-2 Core As Function Of PPM Borcn in Water
(No Control Rods or Burnable Poisons)

(Room Temp)

AS BUILT PITCH | MOST REAC PITCH
zrctanj A B ¢ flk." W mec 5 AR ¢ !i Kies
YES 1500 1500 1500 || 1.040 ‘i YES 3000 3000 3000 ! 0.944
Yes 3000 3000 3000 || 0.883 i ves 3000 3000 2200 || 0.954
1o 3000 3000 3000 || 0.857 [ji YES 3000 3000 1500 !| 0.989
YES 3000 3000 1000 || 0.992
NO 3000 3000 3000 || 0.936
No 2500 2500 2500 || 0.977
NO 3000 2500 2000 | 1.000
TAIT K calc. by KENO-123 Gps, using 15,000 neutron histories and all within

#0.0037fn K¢ for 1 St.dev.

e e

A FeoT
UNZoRATSD WATER

© (ALL-AROVND
ﬁEFLfcreﬁ)

-2
1% CoRE

SKETCH ¢ DATA FOR  TASHE 1, ABovE

FORTAING 12,100 FueL RoCS, 301% E; 137 cons
LONMTAING 12,334 FupL RO0S11NTE33% cort
NTAINS 12,528 Fvee Reos; 2.96%¢; 34%0

Ry =468 9emy Ra= S372cmy
papTeH

= JHYems or .26 cms
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TABLE 2

Ky for Bare UD, Spheres, 2.57% ENR.
“Yn Contact as Function PPM-Boron
Pellet H/D = 1, Rg = 0.538 cms.

P ke
000 1.030 + 0.004
gsgo 0.597 + 0.004 .

XKENO cell calc., 123 gps, 15,000 neuts
hist.

TABLE 3

K*ff of Four, 2.96% EN2. Fuel Assy's

e
In Contact Sauare Array
As Function PPM Boron

FEn Ketr
2500 0.839 + 0.00
2000 9.866 ¥ 0,004
1500 0.826 T 0.004
1720 0.924 T 0.004
500 0.953 ¥ 0.004
0 1.000 ¥ 0.004

*KEND calc.-123 Gps; Explicit Desc. of
900 Fuel Rods in Borated Water
surrounded by 1 foot unborated water
reflector
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A. Reacicr

.

LV T — N PV S B
.

Design hest ocutput, MWt

Vessel coolant inlet texzgeratur

Vessel coclant cutlet tezperature, F

Core ccolant ocutlet tezperature

"y

Core

(4]

perating pressure, psig

re and Fuel Assemblies

Total No. of fuel assexblies i3 core
No. of-fuel rods per fuel assezbly

No.-of eoatrol

asse=bly

red guide tubes per

Ho. of in-cere
fusl assenbly

7uel rod cutsids dismeter,

Cladding thic

Fuel asge=bly pitch spacing, ia.

Unit cell zezal/water ratio
(voluz=e basis)

Cladéing =aterial

Material &
Fora
Pellet diameter, in.

Active length, in.

Densisy, % of thecretsicel

Zirsaley-L (ccld vorked)

U0,
Dish-end, cylindrical pellets

0.37C
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TARLET L.3-2.
RUCLEAR DESIGH DATA

Fuel Asse=bly Voluze Fracticns
Fuel

Moderator

Zircaloy

Stainless steel

Void

Tasal U0z (30L)

FTirst core, =tU0;
Cor= Dimensions

Equivelent diazeter, in.
Active height, in.

Unis Cell ¥20/U Atomic Ratio, Tuel Assecbly

Cold/hot

full-Pover Lifetize

Firss cycle, days
fach succeeding cycle, days

Fuel Irradiation

First cycle avg, M<a/=U
FTach succeeding cycle, vad/==U

Fuel Leadinz
Core avg first cycle, vt 3%y

Centrol Cata

Control rod material

No. of full-length CPAs

flo. of APSRAs

worth of 61 full-length CRAS, (ax/x)%
Centrol rod claddin =materiel

Yo. of 2FRAs

BPAA ciadding =saterial

373 poiscn =material

L. 3-.20

0.303
0.580
0.102
0.003
0.012

1.000

g3.1

As-In-C2

38

8

1i.1

SS304

G2 (Tirss cycle only
Zirseloy-b, %
cold=-werked

B.C iz Al;02

168 17¢
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E
MCDERATOR TEMPERATUR

No. of fuel assectlies in core 177
Core avg enrich=ent, w2 23%y = 2.57
Pover density, Met/assezbly 15.661
Initisl eriticel conditione (hot, full power, clean)
Boron cone, pE3 1540
CRA inserted worth, Six/k J 0.7
2PR poison wersh, %ak/k L.L
Moderator tezp cself, 10~ (au/x)/7(2) +0.10
hreshold value of z=cderator te=p coe?? for
azizuthal inszabilisy, 10~“(sa/x)/F(®)
Feferance value, 50% flatness +1.5
Assu=ing cozpound errers, 50% flainess +0.7
Reference value, 25% flatness +2.2
Assu=ing cempound errors, 25% flatness +1.2
5 Moderator te=p coeff at end of equil fuel cycle,
10-4(ak/e)/ 7T X =3.0
Moderztor te=p coeff as end of first cycle,
10=%(Ax/x)/7 -2.6
Pever coeff at BOL with 1230 zza boren,
s 107B(ak/z) /vt -h.3k

a - :
( )Tvo-dizensicnal i{scther=al calculations.

b
( )anues frca modal analysis, three-dizensional czlcu-

lations shew =zuch greater stabilisy; reference ZAW-10010.
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EXCZSS REACTIVITY CORDITICHS

Rescsor core comdtica(?) Rars
Cold, JCF; elean : r 1.252
Hot, 532F, clean, :ero pcwer 1.205
He:, SEBLF, clesn, full power 1.182

Eot, SELF, full pever, equilibriu=
xencn end sezariun

Single fuel asse=sly(®) (ve:)
A

™o fuel nsse:blies(b’ (wez)

Sizgle fuel psse==iy(®) (amy)

Tvo fuel assesdiies(®)(azy)

Cold n:ray(c)

(&)Fi:s:
(b)Eased on highest probable enrich=ent
of 3.5 wii.

{e)e

A cezter-to-center asse=bly piteh ef
21l inches is reguired for this ke,,

in cold, unbcrated water with no ~°

xezcn or saszarius,

—

, €8 3FRAs &n ccre,

o
L

cycls at

mmm T miem
SAlAZUL AV

Fuel Turpup and fissisz praduct duildup 1

Contralled by 3-SAs

Fuel burnup and fissic

Controlled by Mevghle CSAS

Maz ) 1.2

172
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TAZSLE

SOLUELE 30R

WORTH —

4.3-11.

P A R at
FIRST CYC

No CRAs in
K1l CRAs in

Ooe stuckz CRA (full cut)

J32F,-0 pover, ke" = 0.59

No CRAs in

Al CRAs in

Cze stuck CRA (Full out)

.
s&h

, rated pover, ke" = 1.00

No CRAs in

et :
SELF, rated power, equil Ye and

)

Sm, Kope = 1.00

Yo CRAs in

Boren wersh, (%4x/x)/ze=

L7, rated power

-3 AN

L
r', Ze&ro pocver

g
o)

1710
781
1083

E
par
W

1/1co
1/75
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3|3 3
Batch No. W/0 U235
I 1.98
& 2.64
3 2.96

FIRST CYCLE CORE
TMI-2
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LOCATICN OF FUEL ASSEMBLIES CCNTAINING
BURNASLE POISGN RODS

THREE MILE ISLAND NUCLFAR STATION UNIT 2
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Bank No. Rods Purpsse

Safety

Safety

Safety

Safsty

Regulating

Regulating

Regulating

APSR ==

O =~ W N e N -
P
o W K A O O @ M
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ROD LOCATICNS, 0.200 FPD
THREE MILE ISLAND NUCLEAR STATION LNIT 2

=ftely=g >
S
= FIGURE 4.3-3%
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2
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6
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Safety

Safety

Safety

Safety

Regulating
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ROD LOCATIONS, 200.421 FPD
THREE MILE ISLAND NUCLEAR STATION UNIT 2 \
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