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CRITICALITY ANALYSES OF DISRUPTED C'ORE MODELS
OF THREER MILE ISLAND UNIT 2

R. M. Westfall, J. T. West, G. E. Whitesides, and J. T. Thamas
ABSTRACT

Three hypothetical disrupted core models were analyzed
for the President's Commission on the Accident at Three Mile
Island. Soluble boron in the present configuration wvas
assumed to be 3180 weight parts rar million (wppm). Posi-
tive reactivity effects due to fuel swelling, fuel slumping,
and coolant dizpiacement by ZrO, increase the cold, shutdown
system multijzlicaticn factor from approximsately 0.7k to
0.86. The increase in reactivity for the three mo’els can
be roughly correlated with a decrease in the borated water-
to-fuel volme ra*io. Each of the 39,825 pin-lattice loca-
tions was moucled explicitly in the Monte Carlo analyses of
the reactor cor-. Parametric studies were performed with
one~dimensional discrete-ordinates analyses. The report
. includes a benchmark critical analysis of the system at hot,
§ % zero-power startup, a description of the analytical methods
s used, and a comprehensive comopilation of the daia upon which

the analytical models were based.

1 e

ot

I. INTRODUCTION

; At the request of W. R. Stratton, staff member of the President's
Commission on the Accident at Three Mile Island, a series of analyses
were performed to determine the reactivity effects of various hypotheti-

cal modes in which the reactor core of Three Mile Island Unit 2 may have

? bee¢n disrupted. The results of these analyses were forwarded to
Dr. Stratton for use in preparing his portion of the coamission report.
The purpose of this memorandum is to provide formal documentation of this
effort in terms of the hypothetical models studied and the analytical

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

core analyses. No quantitative judgment was made as to the likelikood of
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the occurrence of the particular accident modes. Also, no recommendations
are made as to specific actions to be taken to avoid a criticality inci-
dent during plant recovery operations.

The sources ¢. information used in constructing the disrupted core
models are described in Section IT. This information includes data on
the reactor design, a benchmark critical configuration, possible core
disruptive mechanisas, and the soluble boron content of the reactor
coolant. The disrupted-core models are described in Section III. The
analytical methods are deczribed in 3ection IV. This section includes a
brief description of the 27-group neutron cross-section library and the
geometry modeling features of the Monte -arlo transport p:ograms MORSE-
SGC/S! and KENO-IV.2 The capability of these programs to represent the
disrupted core with a high level of geometric detail was the primary rea-
son for performing this study at Oak Ridge.

The results of the study are presented in Section V. The results
pertain to three categories:

1. Parametric studies of the effects of fuel pin geometry
changes determined through infinite-lattice pin-cell calculations.

2. A benchmark analysis of the as-measured critical configuration
at hot, zero-power reactor-startup conditions.

3. Analyses of the disrupted core models including variations to
deteraine the reactivity worths of the soluble boron, the control
rods and the burnable poison rods,

Conclusions drasn from these results are summarized in Section VI.

IXI. MODEL DESIGN DATA
Reagtor Design--The primary source of data on the design of Three
Mile Island Unit 2 wa2s the Final Safety Analysis Report (FPSAR).3 Infor-

sation wes taken from this report on the following design features:

Broasd Bl et
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1. Fuel asseambly design, compositions and dimensions including

a. fuel pins,

b. control rods,

c. axial power shaping rods,

d. lumped burnable poison rods,

e. orifice rods, and

f. instrumentation guide tubes.
2. Cycle one fuel-loading scheme.
3. Rod locations, 0-200 full power days.
3. Reactor vessel and internals.
Copies of the tables and figures from which this information wvas taken
are included here as Appendix A. This informaticn was supplemented with
particular details supplied by the Babcock and Wilcox Company., These
pertain to the various fuel emrichments, given in Table 1, the ByC load-
ings of i‘he lumped burnable poison rods, given in Table 2, and the den-
sity of the Ag-In-Cd control rods (10.17 g/cc). All analysez in this
study include fuel and fixed-absorber compositions based upon the
beginaing-of-1life value. That is, no variation due to the brief operat-

ing history of the reactor was taken into account.

Table 1. Cycle One Fuel

Enrichaents
Fuel Element®  Fuel Enrichment,
Designation Weight § 0G=235
Fuel Type "A" 1.98
Fuel Type "B" 2.6%
Fuel Type "C" 2.96

%o, at 10.138 g/co (0.925 of
theoretical).

. “"“)""“‘*'%a
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Table 2. Lumped Burnable Poiscn
Rod? ByC Loadings

Rod Designation B2C Loading,
Weight § ByC ‘
LBP-1 1.395
LPB-2 1.260
LPB-3 1.060

@31,0,-B,C mixture at 3.7 g/ce-

b Natural boron.

Benchmark Critical--Additional information supplied by the Babcock
and Wilcox Company included a set of conditions under which Three Mile A
Island Unit 2 was critical.
1. Hot, zero-power startup (fuel and moderator at 551°K).
2. Coolant at 2200 psi (0.77 g/cc).
3. Soluble boron a2t 1490 wppm.

§. Control rods out.
5. Axial power shaping rods out.

Core DPisruptive Mechanisms--Information concerning the possible

sodes in which the reactor core may have been disrupted was provided by
staff members 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

Camdk B b

a. function of teaperature and steam distributions.

b. hydrogen release indicated approximately 35% of
Zircaloy oxidized.

c. Zr02 probably flaked off and crumbled.

d. damage concentrated in upper axial center of core.

e. damage likely on fuel rod clad, possible on LBP rod
clad and control rod guide tubes.

2. Fuel Swelling

a, rapid depressurization of core may have caused clad to
"balloon out® and rupture,
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b. thermal stresses may have caused U02 to crack and crumble.

c. U0z may corvert to U30g at a lower density (10.96 vs 8.3 g/ce
theoretical).

3. Fuel Sliwping

a. may occur with loss of clad integrity and physical displaceament
of U02.

b. heat transfer analyses indicate that the melting point of U002
may bave teen emceeded in the top central portion of the core.

c. Ssevere dowavard displacement of the fuel believed to be
restricted to the area above the third axial spacer grid at the
center of the core extending radially and upward to the first

axial spacer grid at the third fuel asseambly from the edge
of the core.

Soluble Boron Coptent--Coolant samples dated June 7, 1979, and
analyzed at Oak Ridge National Laboratory contained a boron content
equ.valent to C400 wppm. Trace amounts of silver, indium, and cadmium
were detected. The boron content was scheduled to be increased to

3180 wppm by July 1, 1979.
III. DISRUPTED CORE MODELS

Three dis.upted .ore models were analyzed. For the intact portions
of the reactor core, each of the three models included an explicit
representation cf the contents of the 39,825 pin lattice locations. That
is, the fuel rods, control rods, axial power shaping rods, lumped burn-
able poison rods and the orifice rods were each treated with all avail-
able detail as to composition and geometry. No distinction was made
between the 40 instrumentation tubes containing in-core detectors and the
137 rﬁaining water-filled locations. Staff members of the Babcock and
Wilcox Company have indicated that the in~core detectors are worth about
0.2% Ak/k in negative reactivity. The major difference between the thrae
disrupted core models was in the mumber of axial layers uzad to represent

the disrupted portion of the core. The MORSE=-SGC/S modsl inciudes seven
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axizl levels in the core while the KENO-IV models have a maximum of two
axial core zones. |

MORSE- SGC/S “Three Jump Slump® Model--This disrupted core model is ;o
shown in Fig. 1. The Intent in designing this model was to incorporate
all of the core disruptive mechanisms in an internally comnsistent manner.

‘l‘hgs, all of the fuel pins in the core are swollen by 30 percent with the

fuel consisting of a U0,-U30g mixture with effective densities calculated

to fill the increased volume and conserve the original mass of uranium.

The deasities for the two components in this mixture were 6.521 g/cc for

U30g and 1.534 g/cc for U0,. Complete conversion from U0, to U305 (at a

constant percentage of theoretical density) would result in a volume *
increase of 37 percent.

A second major feature of this model concerns the disposition of the
2r02 formed in the upper central portion of the core. Hcre it is .ssumed
to he uniformly distributed in the coolant channels immediately below the
slumped fuel. The 2r02 occupies 32.9 percent of the fiow channel areas
for an axial distance equal to the length of the slumped fuel. The fuel
elemert spacer grids would be the primary mechanism for preventing the
zr02 from exiting the core.

The third major feature of this model concerns the nature of the
slupped fuel. With the loss of the zircaloy clad, it is assumed that the
002 convercs to U30s and is physically displaced downward to rest upon
the spacer grids and ..on-disrupted fuecl, Tl fuel i assumed to be a
mixture o the typas » and B fuel assemblies located in the disrupted
region ylelding an average emrichment of 2.3 wt $§ 0--235. The slumped

fuel has a 0.687 volume factor which is near the theoretical maximum
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Swollen Fuel Pins,

Zr0; in Coolant

Fuel Pins Swollen 302%,
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¢

20.57"
Fig. 1.

MORSE-SGC/S Three Jump Slump Core Model®

Radial, and Axisl Reflector Regions in Model.

Core Barrel,

%#Control and Lumped Burnable Poison Rods from Disrupted Portiom of Core
Missing. Boron in Coolant in All Zones at 3180 wppm.
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packing factor for spheres. The U308 and borated water are the only
materials resaining in the disrupted region of the core. That is, por-
tions of the control rods, lumped burnable poison rols and orifice rods
that originally extended through this region have been removed from the
model. This is a conszrvative assumption from the criticality safety
point of view.

There are four radial zones in this model. A detailed layout of the
contents of each radial zone is given in Appendix B. This appendix
includes a description of how this model was mocked-up usiug the array of
arrays feature of the MORSE-SGC/S geometry package. Of particular
interest is the manner in whick the overall pin lattice array wvas trun-
cated axially and indented radially to accomamodate the representation of
the disrupted portion of the core.

Ll - » ~=-This disrupted core model is
shown in Fig. 2. Here it is assumed that the complete upper half of the
core has been disrupted, The fuel has converted to U30g and been dis-
placed downward to form the same U30g~H20 + B mixture assumed in the
MORSE-SGC/S model. However, the fuel enrichment used heic was 2.57 wt §
U-235, which corresponds to the core average. This model assumes that
the fuel clad and the other non-fuel materials in the disrupted region
have been emoved from the core. The lower half of the core is the nor-
mal pin lattice configuration (39,825 lattice locations). Details of the
geometry mock-up in KENO-IV are given in Appendix C.

KENO-IV "In-Place Fuel Slump® Model--This disruptad core model 1s
shown in FPig. 3. Here it is assumed that the fusl pin expands radially

at constant clad density and volume and that the U0, slumps axially at

e oo A T T T




148"

H,0 + B

///////////

U(2.57)30 — 120 + B Mixture

N/

Normal Pin-Lattice Core

120"

Boron at 3180 wppm

Fig. 2. KENO-1V Digplaced Fuel Slump Model*

*Includes Radial and Axial Reflectors of H20 + B
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H,0 + B, Pin-Lattice Without U0,

Pin-Lattice Core, Fuel Pin
Volume Increased With
A Constant Density and Mass
of U0,

Boron at 3180 wppm

Fig. 3. KENO-IV In-Place Fuel Slump Mode1?

ahf values: 144", 114,2", 94,6", 80,8", 70,4"
bIncludea Radial and Axial Reflectors of H20 + B
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constant density and volume. Including the as-built core, five fuel
heights were analyzed. The minimum fuel heigh! corresronds to the case
in which the outer diameter of the fuel pins is equal to f:he lattice
pitch (1.542 ca) and thus the fuel pin= are touching. Tbe three inter-
mediate fuel heights correspond to 25, 50, a;ld 75 percent of the total
possible increase in the cross sectional area of the fuel. The fuel pin
clad and the other nnnfuel material above the active portion of the core
are present in this model. Details of the geometry mock-up in KENO-IV

are given in Appendix C.

IV. ANALYTICAL METHODS

Neutron Cross Sectjons-~The neutron cross sections used in these
analyses were taken from a 27 energy-group library developed from
ENDF/B-1IV data for the U. S. Nuclear Regulatory Commission. The 27
energy-group structure was determined through an extensive series of
model calculationst* The group structure includes the boundaries of the
16-group Hansen-RoachS cross-section library with two additional boun-
daries in the high-energy "fission-spectrum® range and nine additional
boundaries in the low-energy "thermal-upscatter® range. The group struc-
ture is given in Table 3.

Resonance processing was performed using the NITAWL-S module of the
SCALE system. This module applies the Nordheim® method to calculate
resonance self-shielding for the absorber materials located in a pin-
lattice cell. Resonance processing #as performed for nine nuclides:
U-238, U-235, Zircaloy, Ag-107, Ag-109, In-113, In=115, Cd, and Mn.
Several parameters determined the number of lattice-cell resonance

analyses,

e s w - T -
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Table 3. 27-Broad-Energy Group Structure

Group No. Upper Boundary Group No. Upper Boundary
1 20 MeV 15 3.05 ev
2 6.434 16 1.77
3 3 17 1.3
5 1.85 18 1.13
5 1.5 19 1
6 900KeV 20 0.8
- 500 21 0.4
8 ‘00 22 0.325
9 1’ 23 0.225
10 3 ‘ 24 0.1

1" 55v eV 25 0.05
12 100 26 0.03
13 30 27 0.01
15 10 0.00001

This group struciure was found to be adequate through the broad-
group-determinatisn procedure for the nuclides: U-238, U-235,
Pu-239, Pu-240, Pu=-241, Pu-242, B-10, SS-304, (Ni, Fe, Cr), Cd,
Al, Cu, H,0, zircaloy-2.
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1. Fuel enrichment

2. Fuel diameter and density

3. Fuel teaperature

§. Temperature and dersity of the coolant
S. Boron content. of coolant

6. Presence of Zr0z in coolant

Appropriate Dancoff factors for the various combinations of cell
parameters weré applied. The 0303-826 + B mixtures were treated as
infinite homogeneous media in the resonance processing for U-235 and
0-238. Fuel enrichment was the only variable in these analyses.

Of particular interest to this study is the expected performance of
this cross-éection library in the analysis of systess similar to Three
Mile Island Unit 2. The results of previous analysea7 of pin-lattice
critical experiments with ENDF/B-IV data are given in Table 4. The 27~
group library is a subset of the 218-group library in the table. Also,
the 19-group library is a subset of the 27-group library. Thus, the 27-
group library would yield system multiplication factors consistent with
the results from 218- and 19-group libraries. The resulta using point
cross sections are in good agreement with the multigroup results. For
comparison purposes, the lattice pitch for the Three Mile Island Unit 2
fuel assemblies is 0.57 inches and.the effective water/fuel volume ratio
is 1.27 for the hot, zero-power startup configuration. Thuas, Cases 1, 2,
and 5 correspond fairly well to the critical benchmark configuration for
Three Mile Island Unit 2, From these results, the expected multiplica-
tion factor calculated wits the 27-group library for the critical bench~
mark would be between 0.980 and 0.990.

MORSE-SGC/S~-This is a new rorsion of the MORSE !0 Monte Carlo

transport codes, It combines the supergroup capabilities of MORSE-SGC!




Table 4. Calculated Results for Critical Uranium Oxide
Lattices with Clean and Borated Water Modera:ors

ENDP/B-IV Data

Water/Fuel Pitch .
Cricical Expariment Case Volume Ratio (inches) Point XSECS 218 Group 19 Group
WCAP® A vater moderated 1 1.49 0.6 0.9869 0.0063 0.9848 0.0068 0.9867 0.0044
23 % 23 array of 2.72X
enriched V02 vrods 0
EPFRI’ Clean vater moderated 2 1.20 0,61S 0.9900 ‘ 0.0060 0.9864 0.0042 0.9849 C !
lattice of 2.35% enriched 3 2.41 0.750 ——— 0.9922 0.0050 0,993 o .9
U02 rods 4 3.68 0.87 0.9984 0.0061 0.9932 0.0047 0.9934 (.,0039
EPRI’ Borated water moderated s? .29 0.615 -—- - 0.9837  0.003%
lattice of 2.35% oariched ¢ 2.41 0.75 — —— 0.9983 0.0036
U02 rods ? 3.68 0.87 —— - 1,0007 0.0034

a468 vppa soluble boron

141
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vith a new array of arrays nesting feature developed for the U. S.
Nuclear Regula‘ory Commission. The array of arrays feature provides for
a single description of each type of fuel pin, lumped burnable poison
rod, etc., followed by array specifications to define the fuel assemblies
and a subsequent array specification of the fuel assemblies in the reac-
tor core. The pover of this procedure is demonstrated by the minimal
computer storage requirement for the geometry description of the MORSZ-
SGC/S *Three Jump Slump® dismptéd core model. Less than 9,000 decimal
words of coaputer storage were required to describe tiue three-dimensional
array containing 241,200 pin locations--plus the various uniforam media
bodies correspinding to the U30g-H,0 + B mixture and the water and steel
reflector regions.

The MORSE-SGC/S analyses were performed on the Idaho National
Eagineering Laboratory CDC-7600 computer. Several initial neutron source
distributions were specified for differing fuel regions. There was no
discernable trend with source specification in the results. Standard
variance reduction techniques such as Russisn Roulette and splitting were
applied. The analyses required about 1.2 minutes of CPU time per thou-
sand histories calculated. Standard deviations of 0.003 were obtained
with 60,000 histories, 0.006 with 30,000 histories, and 0.01 with 8,000
histories.

KENQ-1V--This is the current production version of the KENO:! series
of multigroup Monte Carlo criticality programs. These programs feature
an easily-gspecified geomectry scheme which permits an extremely efficient
particle tracking algoritbm. The accuracy, efficiency, and ease~of-use

of these prograns has led to their being the most popular codes for
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multidimensional criticality analyses., A high level of experience in
this use has been accumulated in the last decade. Automated pr. .edures
in KEBO-IV include source specifications, particle biasing, reflector
weighting, and output edits.

The prisary limitation in applying KENO-IV to this study stems froms
the very large number of pin-lattice locations that must be described.

In KENO-1IV, the entire mixed-bsx orientation array is stored in the com-
puter memory. Thus, the primary application of KENO-IV has been to cor-
roborate the MORSE-SGC/S results for those models requiring only one
axial layer in the pin-lattice specificatioius.

Applying one-quarter core symmetry, the entire Three Mile Island
Unit 2 reactor lattice was mocked-up in a 120 x 120 mixed box orientation
array. A computer program, MAKARAY, was written to 3implify the specifi-
cation of this array. Pirst the fuel assemblies were specified, then the
combination of fuel assemblies corresponding to the first core loading
was specified. From this information MAKARAY constructed the KENO-IV
mixed-box orientation array for the one-guarter core. Note that the
one-quarter core symmetry was achieved through the specification of hemi-
cylinders for the pins lying on the X and Y core midplanes.

The KENO-IV analyses were performed on the Oak Ridge National
Laboratory IEM-360/91 computer. The analyses required about 0.4 minutes
of CPU time per thousand histories calculated. Standard deviations of
0.006 were obtained with 6,000 histories.

XSDRKPM=S--This is the SCALE!2 system version of the XSDRN!3 ope-
dimensional discrete-ordinates neutral particle transport prograss. 1Its

primary application in this study was in pin-lattice cell calculations
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to determine the effects of various changes in fuel composition arnd
geometry. The analyses were perfo.... ...u the Sg angular quadrature
approximation and a P3 scattering expansion order. ISDRNPM-S was exe-
cuted in a SCALE systes analytical sequence (CSAS1) which performs the
problem-dependent cross-section processing ard sets up the input for the
transport anélysis. NITAWL1Z input parameters and nuclide atza densities
from these analyses were also used in the three-dimensional Monte Carlo

analyses.

V. ANALYTICAL RESULTS

“pfinite Pin lattice Analyses--These analyses were performed to pro-
vidc qualitative estimates of the reactivity effects due to possible core
disr.ptive mechanisms. Since they are one~dimensional analyses, the com-
bined effects of fuel and neutron absorbing rods are not calculated.
2180, the neutron leakage is not taken into account. However, the leak-
age for this core is only worth ahout 4 percent ia reactivity.

Generally, the reactivity effects are due to postulated changes in
the fuel pin gecmetry and associated variations in the water-to-fuel
volume ratio in the reactor core. One limit to this variation is the
case of an infinite medium of U(2.96)0,. The multiplication factor for
this dry fuel case is 0.663. Note that the fuel enrichment corresponds
to the highest of the three values for the Three Mile Island Unit 2
reactor core, Thus; sose content of water and its associated neutron
poderation must be present for this system to become critical.

The effects of water content on reactivity are complicated by the
high soluble boron content of the reactor coolant. Pressurized water

reactor fuel is normally considered to be undermoderated, that is, at

Ji s
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less than an optimum water-to-fuel volume ratio for maximum reactivity.
Such is the case for the "cold clean®™ (unborated water) results listed in
Table 5 and shown in Fig. 3. Reducing the lattice pitch lowers the mul-
tiplication factor still further. However, for the ®"cold borated® situ-
ation, the opposite effect is observed. The most reactive lattice pitch
is significantly less than the design value. Eventually, the negative
reactivity due to the loss of water overtakes the positive reactivity due
to the loss of boron and the system multiplication factor comes back
down.

The results of fuel swelling listed in Table 6 and shown in Fig. 5
reflect a similar variation. Fuel swelling removes water and boron from
the system and the multiplication factor rises. Here the water-to-fuel
volume ratio ranges fros 1.65 to 1.07 while the lattice pitch variation
discussed above resulted in a much wider range in this ratio (2.97 to
0.57). This limited range accounts for the monotonic behavior of the
curves in Fig. 5.

The effect of boron concentration upon the system multiplication
factor is given in Table 7. From 0 to 2400 wppm the reactivity worth of
the boron is 1.13% Ak/k;k, per 100 wppm while from 2400 to 3180 wppa the
worth is 1.08% Ak/kikz per 100 ppm. Thus the in:remental worth of the
boron decreases as saturation is approsched, These values are slightly
higher than the 1% Ak/k per 100 ppm soluble borun worth determined by the
Babcock and Wilcox Company. This value, given in Table 4.3-11 of Appen~
dix A, pertains to the hot reactor core at rated power. Thus the soluble
boron worth should be somewhat reduced due to the lower water density and

the presence of fixed absorbers.
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Table 5. T™IZ Infinite Lattice Pitch Variation
Case Lattice Pitch (cm) cold? Clean k_ Cold Borated® k,
1 1.15% (-20%) 1.182 1.025
2 1.227 (~-15%; 1.229 1.087
3 1.299 (-10%) 1.28% 1.080
.} 1.371 (-5%) 1.319 1.016
5 1.343 (Cesign) 1.3%0 0.982
6 1.515 (+5%) 1.351 0.923
7 1.587 (+10%) 1.355 0.902
8 1.659 (+15%) 1.352 0.860
9 1.732 (+20%3) 1.3485 0.817

22,57 wt % eariched U02 (92.5% theoretical density),
9.9% ca OD, Zircaloy clad 1.092 cm OD, 0.958 c» Iv.

b

All materials at 293°K, H;0 at full density.

©2500 wppa natural boron, June 7, 1979, ORNL analysis.

Table 6. TKU Infinite Lattice® Fuel Swelling

Swelling (V0z)  Fuel Clad®  Cold Clean Cold Borated
Case Factor (g/cc) 0D (cm) OD (ca) k,, Kk,
1 1.00(design) 10.14  0.930 1.092 1.340 0.982
2 1.05 9.66  0.963 1.097 1.338 0.984
3 1.10 9.22  0.985 1.116 1.335 0.989(3)
4 1.i5 9.10  1.008 1.137 1.329 1.001(7)
5 1.20 8.45 1.030 1.157 1.326 1.002(3)
6 1.30 7.80 1.071 1.193 1.316 1.012(5)

Fconstant lattice pitch of 1.443 cm, 2400 wppm boron in H,O.

b

Clad expanded at constant volume,

®Next significant figure,
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Table 7. MHultiplication Factor vs Boron
Content and Enrichment

.Puel Boron Concentration, wppm
Enrichment 0 2400 3180
2.5T wt § 1.34 0.982 0.907

(Core Average)

2.96 wt $ - 7 1.032 0.957
(Type C)

2.6“ 't ’ - 00992 00918
(Type B)

1.98 wt ¢ - - 0.811
(Type A)

Table 8. Combinc: Fuel Swelling, Interstitial ZrO,

2.96 Wt § Enriched Fuel, Multiplication
Case Cell Description Factor
A Normal fuel, boron at 3180 ppm 0.959
’ B 30% swollen fuel,® boron at 0.992
3180 ppm
c Case B, 33 vol $ Zr0, in H20 1.012

- ARPTw

SFuel composed of U30g and U0, inside zircaloy clad.
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The combined effect of fuel swelling and coclrnt displacement by

Zr0, is given by the data in Table 8. The overall effect is worth 5.5%

. 1....",‘,,,”me ‘

Ak/kyk, while the swelling alone is worth 3.5% Ak/k)k;.

The results in Table 9 demonstrate the relative worths of the
Ag-In-Cd control rods and the B,C-Al,03 lumped burnable poison rods. In
these analyses, the cell lattice pitch was taken as the average spacing
between control rod centers, and the intervening fuel rods were treated
as a homogeneous fuel-clad-coolaﬁt medium. The primary purpose of the
analyses was to determine the input parameters for treating resonance
absorption in the control rods. The results indicate that the control
rods are worth substantially more than the lumped burnable poison rods.

The results of infinite medium calculations for the U30g~H20 + B
mixtures appearing in the MORSE-SGC/S "Three Jump Slump®™ model and the
KENO-IV "Displaced-Fuel Slump® model are given in Table 10. Of particu-
lar interest is a comparison between the multiplication factor for the
2.57 wt § enriched fuel case¢ with the corresponding pin cell result in
Table 7. In going from the pin cell to the displaced fuel, the water-
to-fuel volume ratio has gone from 1.65 to 0.46. The corresponding reac-
tiv ity increase was 8.2% ak/kik,.

Benchmark Critical Analvses--The results of these analyses are given
in Table 11, Good agreement is shown between the system multiplication
factors calculated with MORSE-SGC/S and KENO-IV. Furthermsore, these
values are consistent with the 27 group results from the analyses of
critical experiments having the same level of neutron soderation. Since
the water density is 0.77 g/cc for this system, the effective water-to-
fuel volume ratio drops froms 1.65 to 1.27. Good agreement is shown
between the results of Table 11 and the appropriate values in Table .
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Table 9. Relative Rod Worth®--
Control Rod vs LBP1

Multiplication
Absorber Type Factor
Ag-In-Cd rod, SS304 clad 0.466
LBP1-B4C~-A15,03 rod, Zr clad 0.680

#Pin-cell models include Zr0O2 and B(3180) in
coolant, smeared ™(2.57)02 fuel-clad-coolant.

Table 10. U30g-H,0% Wortn vs Enrichment

Multiplication
Fuel Enrichment Factor
2.3 wt §, inner core 0.948
2.57 wt %, core average 0.980b

ay30g at 68.7 vol § (0.635 theoretical
density), H>0 and B (3180 wppm) at 31.3 vollZ,

bof, ©(2.57)02 K_ = 0.907 @ 3180 ppm boron,
see Table 7.
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Comparisoa of Cases A and B of Table 11 yields the lumped burnable

7
z

poison rod worth in this configuration to be aspproximately 5% Ak/k;k;.
This value is consistent with the 1.A% Ak/k burnable poison rod assembly
(BPRA) control worth listed in the (FSAR)? and reproduced in Table ¥.3-9
of Appendix A.

Comparison of Cases A and C yields the control rod worth in this
configuration to be approximately 12§ Ak/k. This value is consistent
with the 10.5% Ak/k control rod worth at hot zero power listed in the
FSAR? and given in Table ¥.3-12 of Appendix A. The FSAR value does not
include the worth of the axial power shaping rods shown in Bank 8 of
Fig. 8.3-25 in Appendix A. Thus the FSAR value should be somewhat less
than the value given by the present analysis,

Disrupted Core Apnalvses--The base case for these analyses is the
normal core (nondisrupted) with the soluble boron level set at the
3180 wppm value corresponding to the current status. Tbe results froa
analyses of this configuration are given in Table 12. Again, gocd agree~-
ment is seen tetween the MORSE-SGC/S and KENO-IV results. The control
rods are vorth approximately 9% ak/k;k, and the lumped burmable poison
rods are worth approximately 4% Ak/k;k,. Tbe high soluble boron level in
the coolant tends to reduce the worth of the fixed abscrbers.

The re...ts from the analyses of the MORSE-SGC/S "Three Jump Slump®
sodel are given in Table 13. Comparison of Case A with the as-built,
cold shutdown case in Table 12 indicates that the overall positirve reac-
tivity worth of the disruptive ocore mechanisss is approximately 17%

ak/kqk,. The water-to-fuel volume ratio in this core varies froa 0.7 in
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Table 11. Hot,? Zero-Power Startup Configuratlon’

Monte Carlo Multiplication
Case Description Code Factor

A. As ssasured critical® MORSE-SGC/S  0.987 % 0.003

KENO-1IV 0.983 + 0.006

B. Case A with LBP rods MORSE-SGC/S 1.082 + 0.011
reaoved

C. Case A with control MORSE-SG(./S 0.86% + 0.008

rods inser KENO-1V 0.862 + 0.009

Tcoolant at 532°F, 2200 psi, p = 0.77, fuel at 532°F.

chntrol rods out, soluble boron at 1490 wppa.

®H20/fuel-volume ratio = 1.27; multi-group ENDF/B-IV
cross sections calculated K = 0.984 for other low-
enriched uranium pin-lattice criticals at this

H20/fuel-volume ratio.
d
Zero power.

B&W calculates control rods to be worth 10.5% at hot,

Table 12. Normal Core Shutdown With Boron at 3180 wpp-a

Monte Carlo Multiplication

Case Description Code Factor
A. As-built, cold shutdovr? KENO-IV 0.737 + 0.006
MORSE~-SGC/S 0.752 ¢+ 0.007
B. Case A with control rods out MORSE-SGC/S 0.805 + 0.006
C. Case A with LBP rods reamoved MORSE-SGC/S 0.778 £ 0.008
D. Case A with control rods out MORSE-SGC/S 0.819 ¢ 0.007

and LBP rods reasoved

YYalue as of July 1, 1979.

b

Coo

lant at 293°K, P = 1.0, fuel at 293°K.
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the U305-H0 + B aixture to 0.72 in the regions with 2r02 in the coolant
to 1.07 in the remainder of the pin-lattice core. The average water-to-
fuel volume ratio is 0.95.

The control rod worth for the borated core (Cases A and B) is less
than 2% Ax/k.k,. However, the control rod worth for the unborated core
(Cases D and F) is approximately 9% Ak/kjk;. Similarly, the lumped burn-
able poison rod worth for the borated core (Cases A and C) is less than
1% ok/k k,, while the unborated core worth (Cases E and F) is approxi-
mately 5% Ak/kjk;. Note that portions of the control and lumped burnable
poison rods originally positioned in the disrupted region of the core are
missing froa this model.

The results from the analysis of the KENO-IV "Displaced-Fuel Slump®
model are given in Table 14. Comparison of Case A with the as-built,
cold shutdown case in Table 12 indicates that the positive reactivity
wortr of the fuel displacement is approximately 17% Ak/kj%;. The average
watar-to-fuel volume ratio is 1.06 for this configuration. Since this
value is close to that of the "Three Jump Slump™ model and the positive
reactivity worths are the same, it appears that the reactivity can be
grossly correlated with the water-to-fuel volume ratio.

However, the differeni.‘il reactivity worths of the disruptive core
mechanisas are highly dependent npon the particular features of the dis-
rupted core models, For example, removal of the soluble boron from the
pin-lattice portion of the core is worth 15% Ak/kik, for the "Three Jump
Slump® model while it is worth more than 25% Ak/kijk; for the "Displaced-
Fuel Model.” 1In the latter case, the coolant channels sre at normal size

and the boron is worth much more. Also, the control rods are worth more

!
i
{
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1 Table 13. MORSE-SGC/S "Thrae Jump Slump®

Diarupted Core !
Multiplication .
Case Description Factor
A. Base configuratiod’® 0.862  0.006
B. Case A with control rods out 0.875 & 0.006
C. Case A with LBP rod:s resoved 0.868 + 0.006

D. Case A with controls rods .
and boror® out 1.079 % 0.012

BE. Case A with LBP rods and
boron out 1.043 + 0.010

F. Case A with control rods
inserted, boron out 0.988 : 0.011 y

a13.5$ of uppes middle core collapsed as U30g-H20

mixture; 2r0; distributed in coolant channels of "
lower core; intact portion of fuel pin swollen -

by 30%; boron in coolant at 3180 wppa.

bBoron remaining in U30g-H20 maixture.

Table 18, KENO-IV 'Displaced-?ual Slump®
Disrupted Core

Multiplication
Case Description Pactor
A. Base configuration 0.845 £ 0.006

B. Case A with control rods out 0.870 £ 0.006

C. Case A with boron outb 1.080 t 0.006

;
y
*
&
v
+
t .
»
"

%gpper 508 of core collapsed as U30g-H,0 mixture;
corresponding portions of control and LBP rods
missing; lower half of core in normal configura~
tion; boron in coolant at 3180 wpps.

bnoron reaaining in U30g~H20 mixture.

e
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than 3% Ak/kik, which, although small, is substantially more than the
corresponding value for the "Three Jump Slump® model (<2% Ak/kjk»). This
difference is all the more ramarkable because the ®"Three Jump Slump"
model has 73 percent more intact control rod volume than does the
*Displaced-Fuel Slump® model. Evidently, the neutron moderation level
has a very strong effect upon the control rod worth. |
The results from the analysis of the KENO-IV ®"In-Place Fuel Slump"
model are given in Table 15. Here we have the variation of the systea
multiplication factor as the fuel is displaced dovnward in the pins and
the clad expands to accommodate the increase in cross-sectional area.
The water-to-fuel volume.ratio varies from 1.65 for the as-built core to
0.31 for the case with the fuel pins touching. A new reactivity search

technique 14

was used with these results to predict an optimum water-to-
fuel volume ratio of 0.62. The maximum multiplication factor calculated
in the study was 0.845 for the case in which the water-to-fuel volume
ratio is 0.77. Both the system multiplication factor and the water-to-
fuel volume ratio are in the range of the values calculated with the
"Three Jump Slump® and the "Displaced-Fuel Models®, The slightly lower
uater—tb-ruel volume ratio corresponding to an equivalent multiplication
factor with the "In-Place Fuel Slump®™ model is probably due to Lthe pres-
ence of control and lumped burnable poison rods throughout this systes.
The fixed absorbers enhance the positive reactivity effect of spectral
hardening. Indeed, the XSDRNPM lattice cell calculations do not include
fixed absorbers and their results indicate a maxisum systea multiplica-

tion factor at a higher water-to-fuel volume ratio.
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Table 15. KENO-IV "In-Place Fuel Slump" Disrupted (:or-o‘l

Assumptions: Fuel stays at constant density
(0.925 of theoretical);
Zr clad expands at constant volune;b
fuel height drops to conserve volume,

] Swelling = height  Fuel OD  Clad OD betwesn pins  KENO-IV xSDANpM Y4
(¥ of Max) (om) © (om) (cm) (cm) k-off? Lattice ke
Bone 365.8 0.94 1.092 0.176 0.73740.006 0.907
=3 290.0 1.056 1.179 0.132 0.807£0.006 0.980
503 280.2 1.160 1.273 0.085 0.845£0.005 1.014
5% 205.2 1.255 1.360 0.042 0.840+0.006 1.005 8
1008 178.8 1.344 1.443 0.0 0.81220.0073 0.950

%oron at 3180 wppam, constant lattice pitch = 1.443 om.
bOonatant clad volume, interior radius inoreasea.

%lad, control rods & LBP rods above,
- - core as noreal,

‘i¢‘.57 wt £ snriched UO2 (core average).




31

VI. CONCLUSLONS
The significant results of the parametric studies, the benchmark
critical analyses and the disrupted core analyses are summarized.
Parampetric Studjes--Infinite fuel-pin lattice and infinite fue.-

coolant media analyses indicate that, while the fu3l assemblies in
unborated water are undermoderated, the high soluble boren content causes
the shutdown configuration to be overmoderated. Therefore, core disrup-
tiva mechanisas which remove the coolant from the core introduce positive
reactivity imsertions. Core disruptive mechanisms introducing positive
reactivity are:
1. Fuel pin lattice-pitch reduction,
2. Fuel pin swelling,
3. Zr0; in coolant channels, and
4. Fuel displacement into U30g-H,0 + B mixtures.
At very low water-to-fuel volume ratios (<0.6 for 2400 wppm boron, <0.4
for 3180 wppm boron), the borated systems become undermoderated and any
further ejection of the coolant reduces the system multiplication factor.
As a limiting case, an infinite medium of dry U(2.97)0; has a multiplica-
tion factor of 0.66.

Benchmark Critical Analyses--The Three Mile Island Unit 2 reactor in a
critical configuration at hot, zero-power startup was analyzed as a

benchmark experiment, The results of this analysis validate the analyti-

cal methods used in this study for the follcwing reasons:
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The multiplication factor for the benchmark configuration agreed
well with the expected value drawn from the analyses of similar
critical experiments using the same transport programs and the
mltigroup, EIDF/B-IV based, neutron cross sections.

Good agreement was obtained between independent analyses of the
benchmark configuration using the Monte Ca‘lo transport programs
MORSE-SGC/S and KERO-IV.

Good agreement vas obtained between calculated control rod worths
and those predicted by the Babcock and Wilcox Company.

Good agreement was obtained between calculated lumped burnable poison
rod worths anc those predicted by the Babcock and Wilcox Company.

Disrupted Core Analyses--The analysis of three disrupted core models

and a cold shutdown, normal-core base case yielded several important con-

siderations.

1.

5,

5.

Positive reactivity insertions due to the various core disruptive
mechanisas increased the systeam multiplication factor from
approximately 0.7% to 0.86.

To a first order approximation, the increase in reactivity for the
three models can be correlated with a decrease in the bnrated
water-to-fuel volume ratio.

The reactivity worths of the control rods and the lumped burrnable
poison rods are significantly reduced by the high soluble boron
content in the reactor,

The presence of fixed absorbers in the disrupted portions of the
core significantly reduces the reacitivity worth of the soluble boron.,

The water-to-fiel volume ratio corresponding to the maxisus system
multiplication factor is influenced by neutron absorption due to
either fixed absorbers or the solurLle boron.

B L -
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APPENDIX A

Core Design Data

In order to provide a complete set of th2 information upon which this

study was based, certain tables and figures were ~2xcerpted from the Final

Safety Analys3is Report for inclusion in this appendix.
Item
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, Table 4§.2-1
Pressurized Fuel Rod, Fig. 4.2-2

Fuel Assembly, Fig. 4.c-1

Control Rod Assembly Data, Table 4.2-4

Axial Power Shaping Rod Assembly Data, Table 4.2-5
Control Rod Drive lata, Table 4.2-6

Burnable Poison Rod Assembly Data, Table 4.2-7
Orifice Rod Assembly Data, Table 4.2-8

Control Rod Assenbly, Fig. 4.2-8

Axial Power Shaping Rod Assembly, Fig. 4.2=9
Burnable Poison Rod Aasembly, Pig. 4.2-12

Orifice Red Assembly, Fig. 4.2-13

Excess Reactivity Conditions, Table 4.3-8
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A15
A16
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BOL First Cycle Reactivity Control Distribution, Table 4.3-9

Soluble Boron Levels and Worth—First Cycle, Table 34.3-11

Control Rod Worths, Table 4.3-12
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Table 4.3-1. Core Design Data

C.

Reactor
1. Design heat output, MWt
2. Vessel coolant inlet temperature, F
3. Vessel coolant outlet temperature, F
4. Core coolant outlet temperature, F
5. Core operating pressure, psig
Core and Fuei Assemblies
1. Total No. of fuel assemblies in core
2. No. of fuel rods per fuel assembly
3. No. of control rod guide tubes per
assembly
4. No. of in-core instr. positions per
fuel assembly
5. Fuel rod outside diameter, in.
6. Cladding thickness, in.
7. Fuel rod pitch, in.
8. Fuel assembly pitch spacing, in.
. Unit cell metal/water ratio
(volume beasis)
10. Cladding material
Fuel
1. Material
2. Fom
3. Pellet diameter, in.
k., Active length, in.
5. Density, % of theoretical

2772
557
607.7
610.6
2185

177
208
16

0.430
0.0265
0.568
8.567
0.82

Zircaloy-4 (cold worked)

uo,

Dish-end, cylindrical pellets
0.370

pRY

92.5
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Table 4.3-2.

Nuclear Design Data

Fuel Assembly Volume Fractions

Fuel 0.303

Moderator 0.580

Zircaloy 0.102

Stainless steel 0.003

Void 0.012
1.000

Total U02 (BOL)

First core, mtU0, 93.1

Core Dimensions

Equivalent diameter, in. 128.9

Active height, in. 1k..0

Unit Cell H20/U Atomic Ratio, Fuel Assembly

Cold/hot 2.88/2.06

Full-Powver Lifetime

First cycle, days 421

Each succeeding cycle, days 284

Fuel Irradiation

First cycle avg, M¥d/mtU 1% ,220

Fach succeeding cycle, MWd/mtU 9,600

FPuel lLoading

Core avg first cycle, wts 235y 2.57

Control Data

Control rod material Ag-In-Cd

No. of full-length CRAs 61

No. of APSRAs 8

Worth of 61 full-length CRAs, (&k/k)% 11.1

Control rod claddirg material SS30L

No. of BPRAs
BPRA cladding material

BPR poison material

68(rirst cycle only)
Zircaloy-4,
cold-worked

B,C in Al,0;
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Table 4.2-1. Fuel Assembly Components, Materials and Dimensions

Item

Material

Dimensions, in.

Fuel Rod (208)

Fuel
Cladding

Fuel rod pitch
Active fuel length

Nom. fuel-cladding
gap (BOL)

Ceranic spacer

Fuel Assembly

FA pitch

Overall length

CR guide tur~ (16)
Instr +ube (1)

End fittings (2)
Spacer grid strips (8)

Spacer sleeve (7)

UO, sintered pellets
(92.5% D)

Zircaloy-h

erZ

Zircaloy-b
Zircaloy-h
SS (castings)
Inconel-T18
Zircaloy-k

0.370 diameter

0.L30 OD x 0.377 ID
x 153.125 long

0.568
1k
0.007

0.366 0D

8.587

165.625

0.530 OD x 0.016 wall
0.493 OD x 0.LL1 ID

0.554 OD x 0.502 ID

o v AL AR M A o R L T e 5 ey ARl W
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Table 4.2-4. Control Rod Assembly Data

Itea Data
{ Nunber of CRAs 61 .
f Number of control rods per assembly 16
Outside diameter of control rod, in. 0.kho
Cladding thickness, in. 0.021
Cladding material 304 SS, cold-worked
{ Eag plug material 30k SS, annealed
Spider material SS grade CF3M
Poison material 80% Ag, 15% In, 5% Cd
Female coupling material 30k SS, annealed
Length of poison section, in. 13%
Stroke of control rod, in. 139

"

Table 4.2-5. Axial Power Shaping Rod Assembly Data

Itea Data
Number of APSRAs 8
Number of APSR/assy 16
OD of APSR, in. 0.Lko
Cladding thickness, in. 0.021 |
Cladding material 30k SS, cold-worked |
Plug material 304 SS, annealed
Poison material 80% Ag, 15% In, 5% Cd
Spider material SS, grade CF3M
Female coupling meterial 30k SS, annealed
Length of poison section, in. 36 .

Stroke of APSR, 1in. 139
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Table 4.2-6. Control Rod Drive Data

Item Control Axial power sheving
Number of drives 61 8
Type Roller nut Roller nut
Location Top-mounted Tor -mounted
Direction of trip Down Does not trip

Maximur travel time fo:-
trip at full flow

2/3 insertion, s 1.ko Does not trip
3/% insertioa, s 1.54 Does not trip
Leagth of stroke, in. 139 139
Design pressure, psig 2500 2500
Design temperature, F k50/650(3) h50/650(3)
Weight of mechanism, 9ue 9hy

(approx), 1b

(8)gee 4.2.3.3.1.1

Table 4.2-7. Burnable Poison Rod Assembly Data

Item

Data

Number BPRA's
First cycle
Equilibrium cycle

Number of burnable poison rods
per assembly

Outside diameter of burnable
poison rod, in.

Cladding thickness, in.
Cladding meterial

End cap material

Poison material

Length of poison section, in.
Spider material

Coupling mechanism material

68

None

16
0.430

0.035

Zircaloy-U, cold-worked
Zircaloy-4, annealed
A1,03-B4C

126

85, grade CF3M

Type 304 SS, annealed and
17-UPH, condition H1100
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Table 4.2-8. Orifice Rod Asseably Data

Item

Data

Nurmber of ORA
First cycie
Equilibrium cycle
Number of OR/assy
OD of OR, in.
Orifice rod material
Spider material

Coupling mechanism material

97

Lo

108

16

0.L480

304 SS, annealed
SS, grade CF3M

304 SS, annealed, and
17-k PH, condition H1100
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Table 4.38. Excess Reactivity Conditioms

Reactor core condtion(®) kerr
| R Cold, TOF, clean 1.252
Hot, 532F, clean, zero power 1.205
Hot, S84F, clean, full power 1.182
Hot, SB8LF, full power, equilibrium
xenon and samarium 1.133
Single fuel assembly(b) (vet) 0.70
Tvo fuel assemblies(®) (vet) 1.01k
Single fuel asse=bly(®) (ary) 0.02
Tvo fuel assemblies(P)(dry) 0.0k
Cold array(‘:) 0.90
(2)

First cycle at BOL, 68 BFRAs in core.

(®)pased on highest probable enrichmest
of 3.5 wt%.

’ (c)A center-to-center assembly pitch of

21 inches is required for this kett
in cold, unborated water vith no
R xenon or samarium.

Table 4.3-9. BOL First Cycle Reactivity
Control Distribution

Reactivity,
i&[k

Controlled by Soluble Boron
Moderator temp deficit (70 to 532r) 3.4

| Equil Xe and Sm 3.5

| Fuel burnup and fission product buildup 10.5
Transient Xe 1.0
Controlled by BPRAs
Fuel burnup and fissian product buildup 4.}

Controlled by Movable CRAs

Doppler deficit (0 to 2772 mwt) 1
. Moderator temp deficit
(532 to S58LF) 0.0
Dilution control 0.2
1.0
0.b

Shutdown margin
. Xenon undershoot




Table 4.3-11. Soluble Boron Levels and
Worth — First Cycle

BOL Boron
Core Conditicns Level,ppm
TOF, keff = 0.99
No CRAs in 1582
A1l CRAs in 1057
One stuck CRA (full out) 1327
532F, 0 power, keff = 0.99
No CRAs in iNi0
All CRAs in Th1
One stuck CRA (Full out) 1083
58LF, rated power, keff = 1.00
No CRAs in 15L0
58LF, rated power, equil Xe and
Sm, kerf =1.00
No CRAs in 1175
Boron worth, (%Ak/k)/ppm
584F, rated power 1/100

T0F, zero power 1/75

o
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Table 4.3-12. Control Rod Worths

Worth at Full Power

’ Sequential worth,
X5k /k
Group 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
L Safety. 8 1.2 2.1
5 Reg. 12 2.1 1.8
6 Feg. 12 1.8 1.6
T Reg. 9 1.5 1.0
Totals 61 11.1 10.1
Maximum stuck rod worth 3.6 2.0
Maximum ejected rod worth 0.31 G.19
Worth at Hot Zero Power
1 Safety 4 0.5 0.3
2 Safety 8 2.1 1.8
3 Safety 8 1.4 1.3
N Saf:ty 8 1.1 2.0
5 Reg;. 12 2.3 1.7
6 Re;s. i2 1.7 1.5
7 Reg. 1.4 1.0
Totals 61 10.5 9.6
| Maximum ejected rod worth 0.58 0.47
Worth at Cold Conditions, TOF
1 Safety Y 0.3 0.2
2 Safety 8 1.4 1.2
3 Safety 8 1.0 0.9
y Safety 8 0.8 1.4
S Reg. 12 1.5 1.2
o Reg. 12 1.2 1.0
7 1.0 0.7

Reg. 9
Totals 1

A
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APPENDIX B

MORSE~SGC/S Input Procedures

Copies of the card image input and certain input edits for the
HORSE-SGC/S "Three Jump Slump®™ disrupted core model analysis are
presented here. The primary purpose of this appendix is to provide an
example of hov arrays are nested using the MARS (Multiple Array System)
in MORSE-SGC/S. Similar sets of input were prepared for the MORSE-SGC/S
analyses of the benchmark critical configuration and the cold shutdown
configuration. Of particular interesi in this input procedure is the
creation of fuel assemblies from combinatorial geometry input zones fol-
lowed by the combination of fuel asserdlies to form the reactor core.
Through the MARS universe specifications, the base level or "null
universe® consists of the entire system. This includes the U30g-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 items in

this procedure are indicated in the following list:

ltem Lards Rage

MORSE=-SGC/S Control Parameters 1-6 B3
Combinatoriul Geometry Bodies 9-48 B3
c«lbinatr,riai Geometry Input Zones 50- 146 B4

(Note U3Og~cards 143, 144; RPP's

16'181 37"‘0)
MARS Universe Specifications 149 B5
Media Numbers 150=-153 B5
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© wvm e ]

Iten
Array Size Specifications

(Note 15 x 15 x 7 for array 1A,
reactor core)

| 13 Fuel Aasembly Arrays (15 x 15 x 1)

y Seven 15 x 15 Arrays for Axial Levels
in Core

MORSE-SGC/S Starting Parameters

Splitting and Russian Roulette
Parameters

Mixing Table for Macroscopic Constants
Fission Neutron Energy Distribution
MORSE-SGC/S Edit of Control Parameters

Printer Plots of 13 Fuel Assembly arrays
(Each symbol denotes a pin type)

Printer Plots of 7 Axial Levels in Core
(Each negative symbol denotes a fuel
| assembly array, note disrupted region
| in levels 5, 6, and T)

158-155

156-187

188-279

280

281

282-245
296-320

L

5

B8-B14

B15-B18

il
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APPENDIX C

KENO-IV Input Procedures

Copies of the card image input and certain input edits for the KENO-IV
"Displaced-Fuel Slump¥ and "In-Place Fuel Slump® disrupted core modal
analyses are presented here. The primary purpose of this appendix is to
demonstrate the use of the MAKARAY module in preparing the mixed-box
orientation array for KENO-IV. MAKARAY is a program developed to simplify
the specification of KENO-IV input data for large arrays. The approach
taken is to first specify subarrays, in this case fuel assemblies, and then
combine the subarrays to form the mixed-box orientation array. The
one-quarter core geometry shown in Fig. 4.3-1 of Appendix A is the core
geometry specified here, It consists of a 120 x 120 array cf 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:

iten RPage
NITAWL Input for Cross Section Processing Cc3
MAKARAY Input for Core Midplane Arrays ch
MAKARAY Input for 6 Full Assemblies (15 x 15) c5
AAKARAY Input for Peripheral Water (15 x 15) cs

and Water Gaps (1 x8,8x1, 1x15, 15x1, 1x1)



Cc-2

Iten

MAKARAY Input for Tth Full Assembly (Fuel C-Box 6,
LBP2-Box 8, 2hth subarray specified)

MAKABRAY Input for Combining Subarrays
KENO-IV Control Parameters Edit
EENO-IV Mixing Table for Macroscopic Constants

KENO-IV Box Type Specifications
(Note Box 6 for Fuel C-Material 3, Box 8 for
LBP2-Material 5, each with Zr Clad-Material 9)

NITAWL Table of Contents

Printer Plots of MAKARAY Subarrays
Core Midplane Arrays

Full Assembly Arrays (15 x 15)
Peripheral Water (15 x 15)
Water Gap (Subarrays 20, 21, 22, 23 omitted)

24th Subarray for Fuel C-LBP2
(Note Box Type 6 and Box Type 8)

Subarray Combination for Mixed-Box Orientation Array
(Center of core is subarray 1, Note subarray 24)

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

KENO-IV Mixing Table for *"Displaced-Fuel Slump®
Model Analysis

Input Stream for "In-Place Fuel flump® Model Analysis
(Note differences between this and previous case
for NITAWL resonance processing data, KENO-IV
mixing table, KENO-IV spevifications for the
fuel radius and height. The MAKARAY specifications
are the same for both cases.

c10

C10-15

C16-C18
c19
c19

C20

C20

c21

c22

C24-C30

arwoLastanis b Wl | qm

S e e v & e

ok o e
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