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CRITICALITY ANALYSES OP DISRUPTED CORE MODELS 
OF THREE KILE ISLAND UNIT 2 

R. M. Westfall, J. T. Vest, G. E. tfhitesides, and J. T. Thomas 

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 was 
assumed to be 3180 weight parts fsr million (wppm). Posi­
tive reactivity effects due to fuel swelling, fuel slumping, 
and coolant displacement by Zr02 increase the cold, shutdown 
system •ulWpiicaticn factor from approximately 0.71 to 
0.86. The increase in reactivity for the three models can 
be roughly correlated with a decrease in the borated water-
to-fuel voljme ra*-io. Each of the 39,825 pin-lattice loca­
tions was modeled explicitly in the Monte Carlo analyses of 
the reactor core. Parametric studies were performed with 
one-dimensional diserete-ordinates analyses. The report 
includes a benchmark critical analysis of the system at hot, 
zero-power startup, a description of the analytical methods 
used, and a comprehensive compilation of the data upon which 
the analytical models were based. 

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 

been disrupted. The results of these analyses were forwarded to 

Dr. Stratton for use in preparing his portion of the commission 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 soope of this study was restricted to the disrupted 

core analyses. No quantitative judgment was made as to the likelihood of 
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the occurrence of the particular accident Bodes. Also, no recommrnrtntlons 

are made as to specific actions to be taken to avoid a crlticality Inci­

dent during plant recovery operations. 

The sources c* information used in constructing the disrupted core 

models are described in Section II. This information includes data on 

the reactor design, a benchmark critical configuration, possible core 

disruptive mechanisms, and the soluble boron content of the reactor 

coolant. The disrupted-core models are described in Section III. The 

analytical methods are de&cribed in Section IT. This section includes a 

brief description of the 27-group neutron cross-section library and the 

geometry modeling features of the Honte '.arlo transport programs MORSE-

SGC/S1 and KEHO-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 
determine the reactivity worths of the soluble boron, the control 
rods and the burnable poison rods. 

Conclusions drawn from these results are summarized in Section VI. 

II. MODEL DESIGN DATA 

Wff f c o t' ^ff^f"— T h* primary source of data on the design of Three 

Mile Island Unit 2 was the Final Safety Analysis Report (FSAR).3 Infor­

mation w w taken from this report on the following design features: 
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1. Fuel asseably design, compositions and dimensions including 

a. fuel pins, 
b. control rods, 
c. axial power shaping rods, 
d. lumped burnable poison rods, 
e. orifice rod3, and 
f. instrumentation guide tubes. 

2. Cycle one fuel-loading scheme. 

3. Rod locations, 0-200 full power days. 

4. Reactor vessel and internals. 

Copies of the tables and figures from which this information was taken 

are included here as Appendix A. This information was supplemented with 

particular details supplied by the Babcock and Wilcox Company. These 

pertain to the various fuel enrichments, given in Table 1, the Bi»C load­

ings of vhe lumped burnable poison rods, given in Table 2, and the den­

sity of the Ag-ln-Cd control rods (10.17 g/cc). All analyses in this 

study include fuel and fixed-absorber compositions based upon the 

beginning-of-life value. That is, no variation due to the brief operat­

ing history of the reactor was taken into account. 

Table 1. Cycle One Fuel 
Enrichments 

Fuel Element0 Fuel Enrichment, 
Designation Weight % 0-235 

Fuel Type "A" 1.98 
Fuel Type "B" 2.6* 
Fuel Type »C" 2.96 
a 0 0 2 at 10.138 g/co (0.925 of 
theoretical). 
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Table 2. Lunped Burnable Poison 
Rod 0 B.C Loadings 

Rod Designation Loading» 
Weight % B„C 

LBP-1 1.395 
LPB-2 1.260 
LPB-3 1.060 

aAl 20 3-B l,C mixture at 3.7 g/cc-

*Natural boron. 

fiynThlffir* Critical—Additional information supplied by the Babcoclc 

and Wilcox Company included a set of conditions under which Three Mile 

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 at 1490 wppm. 
4. Control rods out. 
5. Axial power shaping rods out. 

Core Disruptive Mechanisms—Information concerning the possible 

modes 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 

a. function of temperature and steam distributions. 
b. hydrogen release indicated approximately 35J 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 UQ2 to crack and crumble. 
c. 0O2 may convert to U3O8 at a lower density (10.96 vs 8.3 g/cc 

theoretical). 

3. Fuel Slumping 

a. may occur with loss of clad integrity and physical displacement 
of DO2. 

b. heat transfer analyses indicate that the melting point of OO2 
may have teen exceeded in the top central portion of the core. 

c. severe dovairard 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 assembly from the edge 
of the core. 

Soluble Bo.-on Content—Coolant samples dated June 7, 1979, and 

analyzed at Oak Ridge National Laboratory contained a boron content 

equivalent to £400 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 disrupted core models were analyzed. For the intact portions 

of the reac*x>r core, each of the three models included an explicit 

representation of 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 remaining 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 three 

disrupted core models was in the number of axial layers used to represent 

the disrupted portion of the core. The M0RSE-S0C/S modol includes seven 
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axial levels in the core while the KEHO-I? models have a maximum of two 

axial core zones. 

MORSE. SGC/S "Three Jump Slump* Model—This disrupted core model is 

shown in Fig. 1. The intent in designing this model was to incorporate 

all of the core disruptive mechanisms in an internally consistent manner. 

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

fuel consisting of a OO2-O3O8 mixture with effective densities calculated 

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

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

D3O9 and 1.531 g/cc for U0 2. Complete conversion from UO2 to U3O8 (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 

Zr02 formed in the upper central portion of the core. Here it is assumed 

to be uniformly distributed in the coolant channels immediately below the 

slumped fuel. The ZrCfe occupies 32.9 percent of the flow channel areas 

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

element spacer grids would be the primary mechanism for preventing the 

IcOz from ex*ting the core. 

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

slumped fuel. With the loss of the zlrcaloy clad, it is assumed that the 

OO2 converts to O3O8 and is physically displaced downward to rest upon 

the spacer grids and uon-disrupted fuel. The fuel is assumed to be a 

mixture of the typ?s k and B fuel assemblies located In the disrupted 

region yielding an average enrichment of 2.3 wt % 0-235. The slumped 

fuel has a 0.687 volume factor which Is near the theoretical maximum 



WWB3!j£ttJy!*<iMW;%WW*L -?*M*?**..!5£wsft.eE 

144» | Zone I J Zone II I Zone III 

123.42" .____.! 7 7 

102.85" 

82.28" 

61.7V 

20.57" 

H20-B(3180) 

/ 
/ 

U(2.3),0 8 (0.635), 
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Fig, 1. MORSE-SGC/S Three Jump Slump Core Model* 

*Control and Lumped Burnable Poison Rods from Disrupted Portion of Core 
Missing. Boron in Coolant in All Zones at 3180 vppm. Core Barrel, 
Radial, and Axial Reflector Regions in Model. 
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packing factor for spheres. The O3O8 and borated water are the only 

materials regaining in the disrupted region of the core. That is, por­

tions of the control rods, luaped burnable poison rods and orifice rods 

that originally extended through this region have been removed froo the 

model. This is a conservative assumption froa 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 usJug the array ot 

arrays feature of the MORSB-SGC/S geometry package. Of particular 

interest is the manner in which the overall pin lattice array was trun­

cated axially and indented radially to accommodate the representation of 

the disrupted portion of the core. 

KEHQ-IV "Dlsplaced-Fuel Slump" Hodel—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 O3O8 and been dis­

placed downward to form the same U3O8-H2O + B mixture assumed in the 

MORSE-SGC/S model. However, the fuel enrichment used here was 2.57 wt % 

0-235, 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 removed 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 EENO-IV are given in Appendix C. 

rmo-iv "In-Plaoe Fuel Slump" Model—This disrupted core model is 

shown In Fig. 3* Hare it is assumed that the fuel pin expands radially 

•t constant olad density and volume and that the OO2 slumps axially at 
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144" — 

H 20 + B 

Normal Pin-Lattice Core 

Boron at 3180 wppm 

Fig. 2. KENO-IV Displaced Fuel Slump Model* 

•Includes Radial and Axial Reflectors of H2O + E 
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Pin-Lattice Core, Fuel Pin 
Volume Increased With 

A Constant Density and Mass 
of U0 2 

Boron at 3180 wppm 

Fig. 3. KENO-IV In-Place Fuel Slump Model 

%i values: 144", 114.2", 94.6", 80,8", 70.4" 
Includes Radial and Axial Reflectors of H2O + B 
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constant density and volume. Including the as-built core, five fuel 

heights were analyzed. The minimum fuel height corresponds to the case 

in which the outer diameter of the fuel pins is equal to the lattice 

pitch (1.41? cm) and thus the fuel pin? are touching. The three inter­

mediate fuel heights correspond to 25, 50, and 75 percent of the total 

possible increase in the cross sectional area of the fuel. The fuel pin 

clad and the other nonfuel 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 Sections—The neutron cross sections used in these 

analyses were taken from a 27 energy-group library developed from 

ENDF/B-IV data for the 0. S. Nuclear Regulatory Commission. The 27 

energy-group structure was determined through an extensive series of 

model calculations.11 The group structure includes the boundaries of the 

16-group Hansen-Roach5 cross-section library with two additional boun­

daries in the high-energy "fission-spectrum" range and nine additional 

boundaries in the low-energy "thermal-upsoatter" 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 Nordheim6 method to calculate 

resonance self-shielding for the absorber materials located in a pin-

lattice cell. Resonance processing vas performed for nine nuclides: 

0-238, 0-235, Zircaloy, Ag-107, Ag-109, W-113, In-115, Cd, and Mn. 

Several parameters determined the number of lattice-cell resonance 

analyses. 
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Table 3. 27-Broad-Energy Group Structure 

Group No. Opper Boundary Group Ho. Upper Bound) 

1 20 Me? 15 3.05 eV 
2 6.434 16 1.77 
3 3 17 1.3 
4 1.85 18 1.13 
5 1.4 19 1 
6 900KeV 20 0.8 
•» 400 21 0.4 
8 00 22 0.325 
9 r 23 0.225 

10 3 24 0.1 
11 55u eV 25 0.05 
12 100 26 0.03 
13 30 27 0.01 
14 10 0.00001 

This group structure was found to be adequate through the broad-
group-deterainatlon procedure for the nuclides: 0-238, 0-235, 
Pu-239, Pu-240, FJ-241, Pu-242, B-10, SS-304, (Hi, Fe, Cr), Cd, 
Al, Cu, H 20, zircaloy-2. 
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1. Fuel enrichment 
2. Fuel diameter and density 
3. Fuel temperature 
4. Temperature and density of the coolant 
5. Boron content of coolant 
6. Presence of Zrty i n coolant 

Appropriate Dancoff factors for the various combinations of cell 

parameters were applied. The U3OB-H2O + B mixtures were treated as 

infinite homogeneous media in the resonance processing for 0-235 and 

D-238. Fuel enrichment was the only variable in these analyses. 

Of particular interest to this study is the expected performance of 

this cross-section library in the analysis of systems similar to Three 
« 

Mile Island Unit 2. The results of previous analyses7 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 results 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. Thus, 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 with the 27-group library for the critical bench-

« 

mark would be between 0.980 and 0.990. 

MOBag-aoc/a—Thia is a new w s l o n of the MORSE 1 0 Monte Carlo 

transport codes. It combines the supergroup capabilities of MORSE-SOC1 
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Table 4. Calculated Results for Critical Uranium Oxide 
Lattices with Clean and Borated Water Moderators 

Critical Experiment Caae 
Water/Fuel 
Volume Ratio 

Pitch 
(inchea) 

ENDF/B-IV Data 

Critical Experiment Caae 
Water/Fuel 
Volume Ratio 

Pitch 
(inchea) Point XSECS 21* Group 19 Croup 

WCAP* A water moderated 
23x23 array of 2.72X 
enriched UOa roda 

1 1.49 0.6 0.9869 0.0063 0.9848 0.0068 0.9867 0.0044 

EHU* Clean water moderated 
lattice of 2.351 enriched 
DOa roda 

2 
3 
4 

1.20 
2.41 
3.68 

0'.615 
0.750 
0.87 

0.9900 0.0060 
0.9984 0.0061 

0.9864 
0.9922 
0.9932 

0.0042 
0.0030 
0.00*7 

0.9849 
0.9934 
0,9934 

0 J9 
r.003« 

BTM 1 Borated water Moderated 
lattice of 2.3SZ unriched 
UOj roda 

5 a 

6 
7 

1.20 
2.41 
3.68 

0.61b 
0.75 
0.87 

•"• • "" 0.9837 
0.9983 
1.0007 

0.0033 
0.0036 
0.0034 

468 wppm soluble boron 
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with a new array of arrays nesting feature developed for the 0. S. 

Nuclear Regulatory Commission. The array of arrays feature provide* for 

a single description of each type of fuel pin, luaped burnable poison 

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

and a subsequent array specification of the fuel assemblies in the reac­

tor core. The power of this procedure is demonstrated by the minimal 

computer storage requirement for the geometry description of the M0RS2-

SGC/S "Three Jump Slump" disrupted core model. Less than 9,000 decimal 

words of cuaputer storage were required to describe tue three-dimensional 

array containing 241,200 pin locations—plus the various uniform media 

bodies corresponding to the U3O8-H2O + B mixrore and the water and steel 

reflector regions. 

The MORSE-SGC/S analyses were performed on the Idaho National 

E-igineering 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 Russiar. 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. 

gEMQ-iiV—This is the current production version of the KEN0* 1 series 

of multigroup Monte Carlo crlticallty programs. These programs feature 

an easily-specified geometry soheme which permits an extremely efficient 

particle tracking algorithm. The accuracy, efficiency, and ease-of-use 

of these programs 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 pre .edures 

in KBNO-IV include source specifications, particle biasing, reflector 

weighting, and output edits. 

The primary limitation in applying KENO-I? to this study stems from 

the very large number of pin-lattice locations that must be described. 

In KENO-IV, the entire mixed-box 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 whose models requiring only one 

axial layer in the pin-lattice specifications. 

Applying one-quarter core symmetry, the entire Three Mile Island 

Onit 2 reactor lattice was mocked-up in a 120 x 120 mixed box orientation 

array. A computer program, MAKARAT, was written to simplify the specifi­

cation of this array. First the fuel assemblies were specified, then the 

combination of fuel assemblies corresponding to the first core loading 

was specified. From this information MAKARAT constructed the KENO-IV 

mixed-box orientation array for the one-quarter core. Note that the 

one-quarter core symmetry was achieved through the specification of hemi-

cylinders for the pins lying on the X and T core midplanes. 

The KENO-IV analyses were performed on the Oak Ridge National 

Laboratory IBM-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. 

XSQBKBhSr-Thla la the SCALE 1 2 system version of the XSDRN 1 3 one-

dimensional discrete-ordinates neutral particle transport programs. Its 

primary applioation in this study was in pin-lattioe cell oaloulatlons 
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to determine the effects of various changes in fuel composition and 

geometry. The analyses were perfoi-— -*ou cue Sg angular quadrature 

approximation and a P3 scattering expansion order. XSDRNPM-S was exe­

cuted in a SCALE system analytical sequence (CSAS1) which performs the 

problem-dependent cross-section processing and sets up the input for the 

transport analysis. MITAWL 1 2 input parameters and nuclide atca densities 

from these analyses were also used in the three-dimensional Monte Carlo 

analyses. 

V. ANALYTICAL RESULTS 

.infinite Pin Lattice Analyses—These analyses were performed to pro­

vide qualitative estimates of the reactivity effects due to possible core 

disruptive mechanisms. Since they are one-dimensional analyses, the com­

bined effects of fuel and neutron absorbing rods are not calculated. 

Ilso, the neutron leakage is not taken into account. However, the leak­

age for this core is only worth about 4 percent in reactivity. 

Generally, the reactivity effects are due to postulated changes in 

the fuel pin geometry 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)02- 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, some content of water and its associated neutron 

moderation 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 

reaotor fuel is normally considered to be undermoderated, that is, at 
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less than an optima water-to-fuel volume ratio tor maximum reactivity. 

Such is the case for the "cold clean" (unborated water) results listed in 

Table 5 and shown in Fig. 4. 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 systea Multiplication factor coses 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 from 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* &k/k 1k 2 per 100 wppm while from 2400 to 3180 wppm the 

worth is 1.08* Ak/kik2 per 100 ppm. Thus the incremental worth of the 

boron decreases as saturation is approached. These values are slightly 

higher than the If Ak/k per 100 ppm soluble boron 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 presenoe of fixed absorbers. 
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Table 5. TMI Infinite Lattice Pitch Variation 

Case Lattice Pitch (ca) Cold6 Clean k«, Cold Borated0 k^ 

1 1.154 (-20*) 1.142 1.025 
2 1.227 (-15*) 1.229 1.047 
3 1.299 (-10*) 1.284 1.040 
4 1.371 (-5%) 1.319 1.016 
5 1.443 (Design) 1.340 0.982 
6 1.515 (+5*) 1.351 0.943 
7 1.587 (+10J) 1.355 0.902 
6 1.659 (+15J) 1.352 0.860 
9 1.732 (+20%) 1.345 0.817 

a2.57 wt % enriched OO2 (92.5* theoretical density), 
0.94 ca 0D, Zircaloy clad 1.092 ca OD, 0.958 ca H>. 

fcAll aaterials at 2 9 3 % H 20 at full density. 
C2400 wppn natural boron, June 7, 1979f ORNL analysis. 

Table 6. TKT Infinite Lattice Fuel Swelling 

Swelling (0O2) Fuel Clad6 Cold Clean Cold Borated 
Case Factor (g/cc) 0D (ca) 0D (ca) K k„ 
1 1.00(design) 10.14 0.940 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 1.15 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) 

Constant lattice pitch of 1.443 c»f 2400 wppm boron in H2O. 

Clad expanded at constant volume. 

Next significant figure. 
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Table 7* Hultipllcatlon Factor vs Boron 
Content and Enrichment 

Fuel Boron Concentration, wppm 
Enrichment 0 2400 3180 

2.57 wt t 1.34 0.982 0.907 
(Core Average) 

2.96 wt f - 1.032 0.957 
(Type C) 

2.64 wt J - 0.992 0.918 
(Type B) 

1.98 wt % - - 0.811 
(Type A) 

Table 8. Combing Fuel Swelling, Interatitial Zr0 2 

Case 
2.96 Wt % Enriched Fuel, 

Cell Description 
Multiplication 

Factor 

A Normal fuel, boron at 3180 ppm 0.959 

B 30) swollen fuel,* boron at 
3180 ppn 

0.992 

C Case B, 33 vol % Zr02 l n H2O 1.012 

•Fuel composed of U ^ e and 002 inside ziroaloy clad. 
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The coabined effect of fuel swelling and coolant displacement by 

Zr0 2 is given by the data in Table 8. The overall effect is worth 5.511 

tk/kxk2 while the swelling alone is worth 3.5* Ak/k 1k 2. 

The results in Table 9 demonstrate the relative worths of the 

Ag-In-Cd control rods and the B^C-A1 20 3 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-dad-coolant 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 UgOerB^O + B 

mixtures appearing in the MORSB-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

tivity increase was 8.21 0k/k 1k 2. 
n»,1fthMT>,1fr Critical 1oaimfl" T I" > results of these analyses are given 

in Table 11. Good agreement is shown between the system multiplication 

factors calculated with MORSE-SOC/S and KENO-IV. Furthermore, these 

values are consistent with the 27 group results from the analyses of 

critical experiments having the same level ot neutron moderation. Since 

the water density is 0.77 g/oo for this system, the effective water-to-

fuel volume ratio drops from 1.65 to 1.27. Good agreement is shown 

between the results of Table 11 and the appropriate values in Table 4. 
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Table 9 . Relative Rod Worths-
Control Rod vs LBP1 

Multiplication 
Absorber Type Factor 

Ag-In-Cd rod, SS304 clad 0.466 

LBP1-BM>A1203 rod, Zr clad 0.680 

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

.a Table 10. O^Oe-B^O Worth vs Enrichment 

Multiplication 
Fuel Enrichment Factor 

2.3 wt %, inner core 0.948 

2.57 wt f, core average 0.980 
a 0 3 0 8 at 68.7 vol % (0.635 theoretical 

density), H20 and B (3180 wppm) at 31.3 volZ. 

*>ef, 0(2.57)02 K, * 0.907 i 3180 ppm boron, 
see Table 7. 



25 

Comparison of Cases A and B of Table 11 yields the lumped burnable 

poison rod north in this configuration to be approximately 5$ Ak/kjkfc. 

This value is consistent with the 4.4$ Ak/k burnable poison rod assembly 

(BPRA) control worth listed in the (FSAB)3 and reproduced in Table 4.3*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 10.5J Ak/k control rod worth at hot zero power listed in the 

FSAR 3 and given in Table 4.3-12 of Appendix A. The FSAR value does not 

include the worth of the axial power shaping rods shown in Bank 8 of 

Fig. 4.3-25 in Appendix A. Thus the FSAR value should be somewhat less 

than the value given by the present analysis. 

Disrupted, r^ny Ajn*»i|Yftfff--Th* 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. The results froa 

analyses of this configuration are given in Table 12. Again, good agree­

ment is seen between the MORSE-SGC/S and KENO-IV results. The control 

rods are worth approximately 9$ Ak/kjk2 and the lumped burnable poison 

rods are worth approximately 4? Ak/k}k2. The high soluble boron level in 

the coolant tends to reduce the worth of the fixed absorbers. 

The results from the analyses of the MORSE-SGC/S Three Jump Slump" 

model are given in Table 13. Comparison of Case A with the as-built, 

cold shutdown case in Table 12 indicates that the overall positive reac­

tivity worth of the disruptive oore mechanisms is approximately 17$ 

Ak/k 1k 2. The water-to-fuel volume ratio in this oore varies from 0.47 in 
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Table 11. Hbt, a Zero-Power Startup Configuration 

Case Description 
Monte Carlo Multiplication 

Code Factor 

A. as aeasured critical 

B. Case A with LBP rods 
reaored 

C. Case A with contcol 
rods inserted— 

MDRSE-SGC/S 
KEHO-I? 

MORSE-SGC/S 

MORSE-SGC/S 
KEHO-I? 

0.987 ± 0.003 
0.983 1 0.006 

1.042 ± 0.011 

0.864 ± 0.008 
0.863 ± 0.009 

Coolant at 532*F, 2200 psi, p = 0.77, fuel at 532'F. 

Control rods out, soluble boron at 1490 wppa. 

~B20/fuel-voluBe ratio = 1.27; aulti-group ENDF/B-IV 
cross sections calculated K s 0.984 for other low-
enriched uraniun pin-lattice criticals at this 
H20/fuel-Tolune ratio. 

i B&W calculates control rods to be worth 10.5% at hot, 
zero power. 

Table 12. Noraal Core Shutdown With Boron at 3180 wppm 

Case Description 
Monte Carlo Multiplication 

Code Factor 

A. As-built, cold shutdown" KEN0-IV 
MORSE-SGC/S 

0.737 ± 0.006 
0.752 ± 0.007 

0.805 ± 0.006 

0.778 ± 0.008 

0.819 t 0.007 

B. Case A with control rods out MORSE-SGC/S 

C. Case A with LBP rods removed MORSE-SGC/S 

D. Case A with control rods out MORSE-SGC/S 

and LBP rods removed 

'Value as of July 1, 1979. 

^Coolant at 2 9 3 % P * 1*0, fuel at 293*K. 
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the U3O3-H2O + B mixture to 0.72 in the regions with Zr02 in the coolant 

to 1.07 in the reminder 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% Aic/k^. However, the control rod worth for the unborated core 

(Cases D and F) is approximately 9% Ak/kik2. Similarly, the lumped burn­

able poison rod worth for the borated core (Cases A and C) is less than 

M Ak/k 1k 2 t while the unborated core worth (Cases E and F) is approxi­

mately 5% Ak/kik2. Note that portions of the control and lumped burnable 

poison rods originally positioned in the disrupted region of the core are 

missing from this model. 

The results from the analysis of the KENO-IV "Displaced-Fuel Slump" 

model are given in Table 11. Comparison of Case A with the as-built, 

cold shutdown case in Table 12 indicates that the positive reactivity 

worth, of the fuel displacement is approximately 171 Ak/kik2. The average 

wat*r-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 different.* il reactivity worths of the disruptive core 

mechanisms are highly dependent upon 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/k 1k 2 for the "Three Jump 

Slump" model while it is worth more than 25% Ak/kikfc for the "Displaoed-

Fuel Model." In the latter case, the coolant channels are at normal site 

and the boron is worth much more. Also, the control rods are worth more 
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Table 13. MORSE-SGC/S "Throe Juap Sluap" 
Disrupted Core 

Multiplication 
Case Description Factor 

A. Base configuration3 0.862 ± 0.006 

B. Case A with control rods out 0.875 ± 0.006 

C. Case A with LBP rod:i reaoved 0.868 ± 0.006 

D. Case A with controls rods 
and boron* out 1.079 ± 0.012 

B. 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 

"13.5? of upper aiddle core collapsed as U3OB-H2O 
aixture; ZK>2 distributed in coolant channels of 
lower core; intact portion of fuel pin swollen 
by 30?; boron in coolant at 3180 wppa. 

Boron renalning in O3O8-H2O aixture. 

Table 14. KEMO-IV "Displaced-Fual Sluap" 
Disrupted Core 

Multiplication 
Case Description Factor 

A. Base configuration 0.845 ± 0.006 

B. Case A with control rods out 0.870 ± 0.006 

C. Case A with boron out* 1.080 ± 0.006 
a0pper 50f of core collapsed as O^Oe-B^O Mixture; 
corresponding portions of control and LBP rods 
•Issing; lower half of oore in noraal configura­
tion; boron in coolant at 3180 wppa. 

Boron remaining in O3O8-H2O aixture. 
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than 3$ &k/k 1k 2 which, although small, is substantially more than the 

corresponding value for the "Three Jump Slump" model «2% Ak/kikj). This 

difference is all the more remarkable 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 system 

multiplication factor as the fuel is displaced downward 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 l k 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 

water-to-fuel volume ratio corresponding to an equivalent multiplication 

factor with the "In-Place Fuel Slump" model is probably due to the pres­

ence of control and lumped burnable poison rods throughout this system. 

The fixed absorbers enhance the positive reactivity effect of spectral 

hardening. Indeed, the XSDRJfPM lattice cell calculations do not include 

fixed absorbers and their results indicate a maximum system multiplica­

tion factor at a higher water-to-fuel volume ratio. 
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Table 15. KENO-IV "In-Plaoe Fuel Slump" Disrupted Core 

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

Min. Gap 
Swelling Height Fuel OD Clad OD between pins KENO-IV 

(% of Hex) (cm) (om) (cm) (om) k-eff° 

"boron at 3180 wppm, oonstant lattice pitch = 1.443 cm. 
Tonstant olad volume, interior radius lnoreases. 

*blad, control rods & LBP rods above, 
core as normal. 
^.57 wt % anrlohed UOa (core average). 

XSDRNPM" 
Lattioe fc« 

Bone 365. B 0.91 1.092 0.176 0.737±0.006 0.907 

25* 290.0 1.056 1.179 0.132 0.807±0.006 0.980 

50* 240.2 1.160 1.273 0.085 0.845±0.005 1.014 

75* 205.2 1.255 1.360 0.042 0.840±0.006 1.005 

100* 178.8 1.344 1.443 0.0 0.81210.0073 0.950 

g 
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VI. CONCLUSIONS 

The significant results of the parametric studies, the benchmark 

critical analyses and the disrupted core analyses are summarized. 

Parametric Studies—Infinite fuel-pin lattice and infinite fuel-

coolant media analyses indicate that, while the fusl assemblies in 

unborated water are undermoderated. the M & & soluble boron content causes 

the shutdown configuration to be over-moderated. Therefore, core disrup­

tive mechanisms wbich remove the coolant from the core introduce positive 

reactivity Insertions. Core disruptive mechanisms introducing positive 

reactivity are: 

1. Fuel pin lattice-pitch reduction, 
2. Fuel pin swelling, 
3. Zr0 2 in coolant channels, and 
4. Fuel displacement into D3O0-H2O + 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)02 has a multiplica­

tion factor of 0.66. 

BflTChmrR 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 following reasons: 
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1. The Multiplication factor for the benchmark configuration agreed 
well with the expected value drawn fro* the analyses of similar 
critical experiments using the same transport programs and the 
multigroup, E3DP/B-I? based, neutron cross sections. 

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

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

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

Disrupted fare APflJViMM'—Tho analysis of three disrupted core models 

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

siderations. 

1. Positive reactivity insertions due to the various core disruptive 
mechanisms increased the system multiplication factor from 
approximately 0.74 to 0.86. 

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

3. The reactivity worths of the control rods and the lumped burnable 
poison rods are significantly reduced by the high soluDle boron 
content in the reactor. 

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

5. The water-to-fwel volume ratio corresponding to the maximum system 
multiplication factor is influenced by neutron absorption due to 
either fixed absorbers or the soluLle boron. 

* * • 
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APPENDIX A 

Core Design Data 

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

study was based, certain tables and figures were oxcerpted from the Pinal 

Safety Analysis Report for inclusion in this appendix. 

Item Page 

Reactor Vessel & Internals - General Arrangement, Fig. 4.2-3 A3 

Reactor Vessel & Internals Cross Section, Fig. 4.2-4 A4 

Rod Locations, 0-200 FPD, Fig. 4.3-25 A5 

Cycle One Fuel Loading Scheme, Fig. 4.3-1 A6 
(Modified to include locations of fixed absorbers) 

Core Design Data, Table 4.3-1 A7 

Nuclear Design Data, Table 4.3-2 A8 

Fuel Assembly Components, Materials and Dimensions, Table 4.2-1 A9 

Pressurized Fuel Rod, Fig. 4.2-2 A10 

Fuel Assembly, Fig. 4.2-1 A11 

Control Rod Assembly Data, Table 4.2-4 A12 

Axial Power Shaping Rod Assembly Data, Table 4.2-5 A12 

Control Rod Drive rata, Table 4.2-6 A13 

Burnable Poison Rod Assembly Data, Table 4.2-7 A13 

Orifice Rod Assembly Data, Table 4.2-8 A14 

Control Rod Assembly, Fig. 4.2-8 A15 

Axial Power Shaping Rod Assembly, Fig. 4.2-9 A16 

Burnable Poison Rod Assembly, Fig. 4.2-12 A17 

Orifice Red Assembly, Fig. 4.2-13 A18 

Excess Reactivity Conditions, Table 4.3-8 A19 
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I£§m Page 
BOL First Cycle Reactivity Control Distribution, Table 4.3-9 A19 

Soluble Boron Levels and Worth—First Cycle, Table 4.3-11 A20 

Control Rod Worths, Table 4.3-12 A21 
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Fig. 4.2-3. Reactor Vessel and Internals — General Arrangement 
Three Mile Island Nuclear Station Unit 2 
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SURVEILLANCE SPECIMEN 
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Fig. 4.2-4 Reactor Vessel and Internals Cross Section 
Three Mile Island Nuclear Station Unit 2 
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7 5 6 7 6 5 7 
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6 8 5 6 5 8 6 
4 7 3 3 4 

5 8 5 8 5 
4 2 2 

6 7 6 

Bank No. Rods Purpose 
1 4 Safety 
2 8 Safety 
3 8 Safety 
4 8 Safety 
5 12 Regulating 
6 12 Regulating 
7 9 F.egulat ing 
8 8 APSR 

Fig. 4.3-25. Rod Locations, 0-200 FPD 
Three Mile Island Nuclear Station Unit 2 
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Fig, 4.3-1. 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. Vessel coolant inlet temperature, F 
3. Vessel coolant outlet temperature, F 
k. Core coolant outlet temperature, F 
5. Core operating pressure, psig 

B. Core and Fuel 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 
If. 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. 
9. Unit cell metal/water ratio 

10. 
Fuel 

(volume basis) 
Cladding material 

2772 
557 
607.7 
610.6 
2185 

177 
208 
16 

0.1*30 
0.0265 
0.568 
8.587 
0.82 

Zircaloy-U (cold worked) 

1. Material 
2. Form 
3. Pellet diameter, in. 
U. Active length, in. 
5. Density, % of theoretical 

U0 2 

Dish-end, cylindrical pellets 
0.370 
1UU 
92.5 
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Table 4 . 3 - 2 . Nuclear Design Data 

Fuel Assembly Volume Frac t ions 

Fuel 
Moderator 
Zircaloy 
Stainless steel 
Void 

Total 002 (BOL) 

First core, mtU0 2 

Core Dimensions 

Equivalent diameter, in. 
Active height, in. 

Unit Cell H2O/U Atomic Ratio, Fuel Assembly 

Cold/hot 

Full-Power Lifetime 

F i r s t cyc le , days 

Each succeeding c y c l e , days 

Fuel I r r a d i a t i o n 

F i r s t cycle avg, JWd/ratU 

Each succeeding c y c l e , KWd/mtU 

Fuel Loading 

Core avg f i r s t cyc l e , wtj 2 3 5 U 

Control Data 

Control rod mater ia l 
Ho. of fu l l - l eng th CRAs 
No. of APSRAs 
Worth of 61 full-length CRAs, Uk/k)i! 
Control rod cladding material 
Wo. of BPRAs 
BPRA cladding material 
BPR poison material 

0-303 
O.58O 
0.102 
0.003 
0.012 
1.000 

93.1 

lfc-.O 

2.88/2.06 

J»21 
2814 

lfc,220 
9,600 

2.57 

Ag-In-Cd 
6 l 
8 
11.1 
SS301* 
68 ( f i r s t cycle only) 
Zircaloy-'*, 
cold-worked 
BWC in A1 2 0 3 
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Table 4.2-1. Fuel Assenbly Components, Haterials and Dimensions 

Item Material Dimensions, in. 

Fuel Rod (208) 

Fuel 

Cladding 

Fuel rod pitch 
Active fuel length 
Non. fuel-cladding 
gap (BOL) 
Ceramic spacer 

Fuel Assembly 

FA pitch 
Overall length 
CR guide tu>-» (l6) 
Instr 'ube (1) 
End fittings (2) 
Spacer grid strips (8) 
Spacer sleeve (7) 

UO2 sintered pellets 
(92.5% TD) 
Zircaloy-U 

ZrO-j 

Zircaloy-U 
Zircaloy-U 
SS (castings) 
Inconel-7l8 
Zircaloy-U 

0.370 diameter 

O.U30 OD x 0.377 ID 
x 153.125 long 
0.568 
lUU 
0.007 

0.366 0D 

8.587 
165.625 
0.530 0D x 0.016 wall 
0.U93 OD x O.UUl ID 

0.55U 0D x 0.502 ID 
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Fig. 4.2-2. Prepre»surized Fuel Rod 
Three Nile Island Nuclear Station Unit 2 
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Table 4.2-4. Control Rod Assembly Data 

It€ Data 

Number of CEAs 
Number of control rods per assembly 
Outside diameter of control rod, in. 
Cladding thickness, in. 
Cladding material 
Eng plug material 
Spider material 
Poison material 
Fenale coupling material 
Length of poison section, in. 
Stroke of control rod, in. 

61 
16 
0-bbO 
0.021 
30l» SS, cold-worked 
30b SS, annealed 
SS grade CF3M 
80* Ag, 15* In, 5* Cd 
30b SS, annealed 
13b 
139 

Table 4.2-5. Axial Power Shaping Rod Asseably Data 

Item Data 

Number ot APSRAs 
Number of APSR/assy 
OD ot APSR, in. 
Cladding thickness, in. 
Cladding material 
Plug material 
Poison material 
Spider material 
Female coupling material 
Length of poison section, in. 
Stroke of APSR, in. 

8 
16 
O.UUO 
0.021 
30b SS, cold-worked 
30b SS, annealed 
80* Ag, 15* In, 5* Cd 
SS, grade CF3M 
30b SS, annealed 
36 
139 
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Table 4.2-6. Control Rod Drive Data 

Item Control Axial power shaoing 

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 for 
trip at full flow 

2/3 insertion, s 
3/1* insertion, s 

l.UO 
1.5'* 

Does not trip 
Does not trip 

Length of stroke, in. 139 139 
Design pressure, psig 
Design temperature, F 

2500 
li50/650(a) 

2500 
1»50/650U) 

Weight of mechanism, 
(approx), lb 

9*»0 9»;d 

* a )See U.2.3.3.1.1 

Table 4.2-7. Burnable Poison Rod Assembly Data 

Item 

Number BPRA's 
First cycle 
Equilibrium cycle 

Number of burnable poison rods 
per assembly 
Outside diameter of burnable 
poison rod, i n . 
Cladding thickness, in . 
Cladding material 
End cap material 
Poison material 
Length of poison sect ion, in. 
Spider material 
Coupling mechanism material 

Data 

68 
None 
16 

0.1*30 

0.035 
Zircaloy-U, cold-vorked 
Zircaloy-b, annealed 

126 
SS, grade CF3M 
Type 30U SS, annealed and 
17-^PH, condition H1100 
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Table 4.2-8. Orifice Rod Assembly Data 

Item Data 

Munber of ORA 
First cycle 
Equilibrium cycle 

Number of OR/assy 
OD of OR, in. 
Orifice rod material 
Spider material 
Coupling mechanism material 

97 
ho 
108 
16 
0.U80 
30U SS, annealed 
SS, grade CF3M 
30U SS, annealed, and 
n-U PH, condition HllOO 
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Fig. 4.2-6 Control Rod Assembly 
Three Mile Island Nuclear Station Unit 2 
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NEUTRON MSOWWa MATERIAL 

AXIAL POWER SMAPMC ROD 

u uu 
Fig. 4.2-9. Axial Power Shaping Rod Assenbly 

Three Mile Island Huclear Station Unit 2 
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COUPLMW / 1 1 » A 

BURNABLE POISON •. L , , 
MATERIAL \ . 7 

W U \7 XJXJ 
Fig. 4.2—12. Burnable Poison Rod Assembly 
Three Mile Island Nuclear Station Unit 2 
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COUPLING 

Fig. 4.2-13. Orifice Rod Assembly 
Three Mile Island Nuclear Station Unit 2 
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Table 4.3-6. Excess Reactivity Conditions 

Reactor core condtion**' *eff 

Cold, 70F, clean 1.252 
Hot, 532F, clean, zero power 1.205 
Hot, 58J»F, clean, f u l l power 1.182 
Hot, 58UF, f u l l power, equilibrium 
xenon and samarium 1.133 
Single fuel assembly* 0) (wet) o.70 
Two fuel assemblies* 0* (wet) 1.01k 
Single fuel asse=bly* D ' (dry) o.03 
Two fuel assemblies* 0'(dry) o.Ok 
Cold array' 0 ' 0.90 

'a'First cycle at BOL, 68 BFRAs in core. 
Based on highest probable enrichment 
of 3.5 wt*. 

(c) 
A center-to-center assembly pitch of 
21 inches i s required for th i s k f f 

in cold, unborated water with no 
xenon or samarium. 

Table 4 .3 -9 . BOL First Cycle Reactivity 
Control Distribution 

Reactivity, 
*a*/k 

Controlled by Soluble Boron 
Moderator temp d e f i c i t (70 to 532F) 3.It 
Equil Xe and Sm 3.5 
Fuel bumup and f i ss ion product buildup 10.5 
Transient Xe 1.0 
Controlled by BPRAs 
Fuel burnup and f i s s i o n product buildup U.U 
Controlled by Movable CRAs 
Doppler def ic i t (0 to 2772 MWt) 1.2 
Moderator temp d e f i c i t 

(532 to 58UF) o.O 
Dilution control 0.2 
Shutdown margin 1.0 
Xenon undershoot 0.1* 
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Table 4.3-11. Soluble Boron Levels and 
Worth — First Cycle 

BOL Boron 
Core Conditions Level,ppm 

TOF, k e f f = 0.99 

Ho CRAs in 1582 
All CRAs in 1057 
One stuck CRA (full out) 1327 

532F, 0 power, k g f f = 0.99 

Ho CRAs in 1710 
All CRAs in 7^1 
One stuck CRA (Full out) 1083 

58UF, rated power, k = 1.00 

No CRAs in 15'«0 

58l»K, rated power, equil Xe and 
Sin, k g f f = 1.00 

Ho CRAs in 1175 

Boron worth, (£Ak/k)/ppm 

58UF, rated power 1/100 
70F, zero power 1/75 
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Table A.3-12. Control Rod Worths 

Worth at Full Power 

Croup number Purpose Ho CHA's 

1 
2 3 U 
5 
6 
7 

Safety 
Safety 
Safety 
Safety. 
Reg. 
Keg. 
Reg. 
Totals 

U 
8 
8 
8 
12 
12 
9 

61 

Maximum stuck rod worth 
Maximum ejected rod worth 

Sequential worth, 
*Ak'k 

BOL EOL 
0.5 0.3 
2.2 1.9 
1.5 l.U 
1.2 2.1 
2.U 1.8 
1.8 1.6 
1.5 1.0 

11.1 10.1 

3.6 2.0 
0.31 0.19 

Worth at Hot Zero Power 

Safety U 
Safety 8 
Safety 8 
Safety 8 
Refi. 12 
Re,;. 12 
Reg. 9 
Totals 61 

1 
2 
3 
U 
5 
6 
7 

Maximum ejected rod worth 

5 
1 
U 
1 
3 
7 

l.U 
10.5 

0.58 

0. 
1. 
1. 
2. 
1. 
1. 
1. 
9.6 

0.U7 

Worth at Cold Conditions, TOP 

1 Safety U 0.3 0.2 
2 Safety 8 l.U 1.2 
3 Safety 8 1.0 0.9 
U Safety 8 0.8 l.U 
5 Reg. 12 1.5 1.2 
0 Reg. 12 1.2 1.0 
7 Reg. 

Totals -t 1.0 
7.2 

0.7 



APPENDIX B 

MORSE-SGC/S Input Procedure 

Copies of the card image input and certain input edits for the 

RRSE-SGC/S "Three Jump Slump" disrupted core model analysis are 

presented here. The primary purpose of this appendix is to provide an 

example of how 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 interest in this input procedure is the 

creation of fuel assemblies from combinatorial geometry input zones fol­

lowed by the combination of fuel assec'jlies to form the reactor core. 

Through the MARS universe specifications, the base level or "null 

universe" consists of the entire system. This includes the U3O0-H2O + B 

mixture as an input zone and the reactor 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: 

Item 

MORSE-SGC/S Control Parameters 

Combinatorial Geometry Bodies 

Combinatorial Geometry Input Zone.* 
(Note U30e-card8 143, 144; RPP's 
16-18, 37-40) 

MARS Universe Specifications 

Media Numbers 

Card? sags. 
1-6 B3 

9-48 B3 

50-146 B4 

149 B5 

150-153 B5 
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Ham Cards 
Array Size Specifications 154-155 

(Mote 15 x 15 z 7 for array 14, 
reactor core) 

13 Fuel Asseably Arrays (15 z 15 z 1) 156>187 
Seven 15 x 15 Arrays for Axial Levels 186-279 
in Core 

MOBSB-SGC/S Starting ParaBeters 280 
Splitting and Russian Roulette ?8l 

ParaBeters 
Mixing Table for Hacroscopic Constants 282-295 
Fission Neutron Energy Distribution 296-300 
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 
asseably array, note disrupted region 
in levels 5, 6, and 7) 
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I7C 3*12 13 2*|2 12 23*12 12 7*12 13 2*12 13 3*12 13 3S*I2 

-179 35*l2-*--3*l2-4 -4*12-«—7*12 -4~2<-»»2 -4 2*12-4-3*12 -«-2*I2 -4-2»*l« 
1*0 14 2»*12 • 2*>2 * 
III 3*12 * 2*12 • 20*12 * 7*12 • 4*12 • 3*12 4 39*12 
l»* 3'*12 | | 3*12 II 4*12 II 7*12 II 2C*I2 II 2*12 II 3*12 II 2*12 II 

- . • J 2**I2-I4-2««I2-IJ 2*12 -H-- - - -• 
It* J*!2 II 2*12 II 20*12 II 7*12 II 2*12 II 3*12 II IS*12 
125 31*1 IS 3*1 IS < • ! IS 7*1 |5 2 « * l IS 2 » l IS 3 * l IS 2 * l | 5 2 4 * 1 t * 24*1 
14* |5 2*1 IS 
1*7 3 f l 15 i * l I " ? * • ! I * 7*1 IS 4*1 IS 3*1 i : 3 « * l 
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150-153 Media Numbers 

154-155 Array Size Specifications 

156-187 13 Fuel Assembly Arrays (15x15x1) 
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tot 199 - l « 1»1 If 2 193 l«« •IW 139 
1<7 , 191 . -199- • 20C 201 202 
203 2C« 209 
2oe 
207 202 209 210 .211 *»? 213 21* -213 2I« 217 2I« 219 22C 221 
5 " 
224 229 220 .221 22C 
??'' 
2i0 -231 232 233 23* 239 - .-23e 237 23C .23* ?*' 2*1 2*2 .2*3 24* 
2*3 2*9 

-1*1 2*0 
2»« 230 -231 
232 233 23* 233 2S» 
237 -230 
299 

5*C 9*-lO S»* ?»<» »»-IC .|| .5 -II .* -II i.-n. J»0 2*t, -Iw .12 •* -7 -* -7 -i -7 -« -12 -II »»C - «r-|0 -J2--r -T -J—7~-7 -7 -? -7 -2 -ir 'li-'. 
- V -«•>--« -7- -2 — 7 - - i -» -i~-7--;-.7--2 -IV i. .19 .|| .7 -2 .7 -2 -9 -2 .9 -2 -7 -2 -7 .It -It •It -9 -2 -7 -2 -9 -X -9 -2 -9 -2 -? -2 -5 -10 -19 -II -7 -2 -7 -2 -5 •• -9 -* -7 -2 -7 -II -10 

— « ! • »9 -3 -7 •» •» «2 J*9_»3-*9~-2• *7- f» «3 »XO -»• -»l ~7 -3 -7 -2 -S -2 -9 -2 -7 "2 -7 -11 -|9 9 »»9 -a -7 -.» -7 -a -7 »a -7 -a -7 -a -10 o . • - io .-ia -a «.~ -a - r -a -7 -2 -7 -a -ta - to o. 
—2*9 --10--13--2--7 --2 -7 -a-»7 -2 .12 *1C.Z*C - . ... 3*0 2*-l« -II -9 -II -3 -II 2«-|0 3*0 3*e 9*.to »•€ 9*9 9*-IO 9*0 3*0 2*-IO -It -3 -II -9 -II 2«-IO 3*0 2*9 -19 -12 -2 -7 -2 -7 -2 -7 -a -12 »l« 2*0 _0--IO--I2--2--1--2.-7 - 2 - 7 •3.--1 -2--12 -IC-e 0 -10 -2 -7 -2 -7 -2 -7 -2 -7 -2 .7 -2 -IC « •10 -II -7 -2 -7 -2 -9 -2 -9 -2 -7 -2 -7 .11 .IC -16 -9 -2 -7 -2 -9 -I -4 -I -9 -2 -7 -2 -3 .10 
—-io .-ii--7--a.-.7--2--«--9--* -a -7 -a -7 - n .-ie 

-to -9 -a -7 -a -3 -1 -4 -1 -3 -* -7 -a -3 -to 
-19 -II -7 -a -7 -2 -3 -2 -3 -2 •! -2 -7 -11 -IC 0 -IO -2 -7 -2 -7 -2 -7 -2 -7 -2 -7 -2 -10 C 

— o »io .-la-»a--7--»a--7. .-a -7 -a--7 ^2-»ia-«io..e -• — - .-.._ 
2*0 -10 -12 -2 -7 -2 .7 .2 .7 .2 .12 -10 2*0 3*0 2*-IC -II -5 -II -5 -II 2*.10 3>0 3*0 S*-lf 9*c 5*0 9*.10 9*0 3*0 2*.19 -11 -9 -II -9 -11 2*-10 3*0 -.2*0 -10 -12 »2 -7-.-2 -7 «2-«7.-2 -13 -10.2*0 o -io -ia -a -T -3 -7 -a -7 -3 -1 -a »ia -i« 0 0 -10 -a -7 -2 -7 -2 -7 -a -7 -a -7 -2 -to e -ic -11 -7 -3 -7 -2 -3 -2 -9 -a -7 -3 -7 -11 -ic -1C--5 -2 -7. -2 .9 -I -4 -1 -S..2 -7 .2 -t .It -10 -It -7 -2 -7 -2 -• -9 -« -2 -7 -2 -7 -II -10 -IC -5 -2 -7 -2 -3 -I -* -I -5 -2 -7 .2 -! -10 -10 -II -7 -3 -7 -2 -S -2 -9 -2 -7 -3 -7 -II -IC „0--10..-a-«*7_*2-»7- -2.-7 -2 -7.-8 -7 -2 -IC S 0 -10 -12 -2 -T -3 -7 -2 -7 -3 -7 -2 -12 -10 C 2*0 -10 -12 -2 -7 -2 -7 -2 -7 -2 -12 -IC 2*C 3*0 2*-IO -II -5 -It -3 -11 2»-lG 3*0 3*0 9«-l0 5*0 ._9»0-9*»10-3*0_3»0 2*-10 -11 -S -11 -S -II i i - i l J M 2*8 -IC -12 -2 -7 -2 -7 .2 .7 -2 -12 -IC 2*C tt -10 -12 -2 -7 -2 .7 -2 .? -3 .7 -2 .12 -to 0 0 -10 -2 -7 -I -6 -I -9 -I -< -| -7 ~2 -IC 0 —»lC_-U_-7—»3~»9-»l~»'«-.-J.-»--«J~*0--3 -7--.il. .̂ 1C -10 -9 -2 -7 -I -• -I •« -I -* -I -7 -2 -9 -10 -10 -II -7 -2 •* -I •* -f -» -I -6 -2 -7 -li -IC -IC -9 -2 .7 -» -» -l -» -I •* -I -7 .2 .5 -10 -10 -11.-7--3 «t -1 -4-1 •« -1 "6 -3-7 •ll.rli: . 0 •!<! -2 -7 •» -•» -• -e -I -* -I -7 -2 -IC C C -10 -12 -2 -7 -3 -7 -2 -7 -3 -7 -2 .12 -lc 0 2*0 -to -12 -2 -7 -2 -7 -2 -7 -2 -IZ -IC 2»c _ . J»C_2»-iC-.ll_-3 -11 -3 -11 2*-lC—3*0 ,SiO_3*.^a.C_5»C . 3*0 S»-|0 3»C 3*0 »*-|C -II -S -II -9 -11 2*-lfl 3*0 2*0 -10 -12 .2 .7 -2 .7 .2 -7 .2 .12 .10 2*tJ 0 .10 -12 -2 -7 -3 -7 -2 .7 -3 -7 -2 .12 -10 0 CIO.-«2 -7 --I--0-.1 «6 .J .t. -I..7 -2-10.0 -10 -It -7 -3 -« -I -« -I -4 -I -t -3 -7 -II -10 -10 -9 -2 - 7 - 1 - 4 0 0 0 -« •! -7 -2 -« .10 -10 -tl -7 - 2 - 6 - 1 0 0 0 -1 -» -2 -7 - n -10 -I0--S--2 -7 .•|_.»... o — 0 — C-»* -1 -7 «2 -5-10 . .10 -II -7 -3 •< -I •« -I -* -1 -6 -3 -7 .|| -IC 0 -10 -2 -7 -I -6 -I -* -t -6 -1 -7 -2 -IC 0 0 -IU -12 -2 -7 -3 -7 -2 »7 -3 -7 -2 -12 -IC 0 240.-10 -12—-3—7-»3-~7--a—-7—3— 13»10~2»C 3*0 2*-IO -II '3 -II -3 -II 2*-IC 3*0 .3*0 9*-l0 3*0 9*0 9»-j0 9*0 3*0 3*«|0 -II '3 -II -9 »ll 2*-IO 3*0 2*0 -10 -12 -I -* -I -« -I -* -I -12 -10 2*0 0 .|0 .12 .1 .9 .13 -9 -I -6 -13 •« -I -12 -10 " C -to -1 •« 7*0 -6 -t -10 0 •IC -11 -9 -13 7*0 -13 -« -II -10 

290 291 2*2 -293-294 299 299 
-297-39* 299 370 
•-271-272 373 274 
-379 279 277 279 • 379-

-i»f<—-3 »i »9-7*?--9~-7*-9 »rr-
— H>--H -9 -I- 7*0 — I- -9 --+I «I0 -
•10 -3 -I -9 7*0 -9 -I »3 -10 •10 -II -9 -13 7*0 -»3 -9 -II -10 0 .|0 -I -9 7*>; •« -I -10 C -0-»m -ta .l_»9-.U-«9-»l.»9..«l3-»9 .-1. .12 > 1 M 2*0 -10 -12 -I -6 -I -9 -1 -9 -I -12 -10 2*0 3*4 2«-10 -II -3 -II -3 -II 2*.10 3*0 3*0 9*-l0 9*0 3*0 9»-IO 9*0 -j*0-2*-l« -II •* -|J-.9-«ll-a»»lO-3»0 3*0 -to -|2 7*0 «ia -10 3*0 0 -10 -12 9*0 -12 -10 0 0 -10 11*0 -10 0 --10---11-11*0 .|| .|0 _ _ . 
•10 -9 11*0 -3 -10 -10 -11 11*0 -II -10 •10 -9 11*0 -9 -10 --I0 • I M M « .M. .K> 0 -IP 11*0 -10 0 O -10 -12 9*0 -12 -It) 0 3*0 -10 -12 7*0 -12 *»0 2*0 . 3*0 -K) -10 •! J -3 -II -9 -11 -10 *10 .-9*0 -9»*lO-i*0 

Axial Levels in Core 

http://-7--.il
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« - 7 B 11 5 ft ( 1 . 7 

2 * C * » » » . 0 O . r l . t C.C - 1 7 . -C 17 . - .C - 1 7 0 . C 1 7 « . « fl.C 3 7 0 . C 
2 1 1 • « • 2 7 B I . & 2 7 C C . I 6 7 27BC.9C 2 7 K u . « 
2C2 1 2 * » 
2 * 3 1 2 3 1 1 1 - 2 3 I I - . 2 3 5 6 7 * I I » 6 b t ' « I I 5 
2 « a * 7 • 0 * 9 «P10 13 12 13 12 
2 C * I 3 J 1 
2 e * 9 2 2 3 5 2 3 « 3C9P238 • »Fi»Oie «03CJ « C 3 « 2 I 5 B « < i l l S e f . n j fc l - IOt 
j t » - - 2 » « e i 2 ? E | 3 t - 2 7 « 7 | . . 7 * 7 l « » «*C«,C * 9 | | 3 « 9 | | 5 * « 3 C « 25(.S5 2 t 3 w * 2 * 3 
2CC 2 1 3 1 9 2 2 3 * 1 S 2 i J I * l 
2 t S l « > * 
29C 9 . S 2 0 - * « . 6 * f - « 3 . « 9 2 > * ? . « 3 3 - « I . E 9 C - 2 l . t 9 « - 2 I . 7 C 7 - 2 
ZZl - « . » l 7 - 2 » . » l 7 - 2 3 . 3 3 6 - 2 « . l 3 » - 2 - 6 . » 7 « i - 2 F . 4 C F - 2 D.CH-1 
2 9 2 9 . » 7 2 - 3 3 . 9 J 0 - ? 2 - 3 7 r - 5 3 . E « " * » 3 . l * 3 - « I . I C 7 - 9 
2 9 3 l . * . 5 S - 3 1 .37 ' - - -J » . » 3 » - i •z.Hn-? » . » r 0 - 2 i.r%K-2 
2S» 4 . 3 2 6 - 2 Z.ilh-i 2 . I C 5 - 2 2 . 7 2 5 - 3 3 . « 7 2 - 4 7 . » . S S - 3 
2 « 5 5 . $ 3 * - 2 7 . 7 2 1 - 3 « . * ! f « 3 . * < » « - « l . f . « 5 - 2 i .7<--7-
2 9 « I 7 » » 2 . 1 ' j 7 3 i » e - C 2 l.n-lCt-tt 2 . n « J E » t f l l . c * 5 3 » f « C l I . f t 15f t t -« -1 
2 9 7 l . e j « 7 > ^ E - « . l • . 9 * ; i . , E - 0 2 I . 3 * » * F € - C 2 I .<J ' . *S9£-C5 7.«l '8FS«--<:S -
2 9 « • . l 2 « « 3 £ . - 3 7 «i . S « S ' j * . f ' - C * I . 2 9 * l « r - f F I . . e e i * E - r . t • . 3 I I C 5 E - I 0 
2 9 9 9 . 9 « 0 3 3 E - . l l l . « . 4 J S F - i e 2 . 2 0 9 2 S t . | 0 J . 3 * » B t K - l I _3 . f l e o ( C E - l I 3 . 7 | C 
•30C l . C O » 9 5 e - l l i . t i l ' S f l i 2 . C 7 3 3 F E - I 2 * . 9 * C 2 7 E - I J 
3 C I T 
302 1 TITLE »» 
3 0 3 - - 1 I 1 L E «B - - -- - -
3 0 * I I U I CC 
3 0 5 I 9 » » T 

9 . 1 G 7 - * 
1 . 7 * 2 - 2 

J:S;S:| 
'•Mill 

c« 

• 1 7 - 2 

3 1 7 - 2 

• * 7 * 
3 7 E - 1 C 
• 7 6 - 1 1 

EKC OF C">0 INFLT LIST 
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282-295 
296-300 

MORSE-SGC/S Starting Parameters 
Splitting and Russian Roulette Parameters 
Mixing Table for Macroscopic Constants 
Fission Neutron Energy Distribution 
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MORSE-SGC/S Edit of Control Parameters 
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"~»cLt»6S t cc~T LSEO u ccLLisicrs ct*£i?» #r.c ™»c* te*«»h t s u ^ i c e s . 
BEC I 

• C l l ' l 1.UCGE+00 

I 
r 

»aa**-.*c. I A S S A Y tizc-is- us-t-r tS-£4 1 

LEVEL 1 Cf *S»*» KC. t 

X * I 2 3 « 9 C 7 6 « IC 11 12 13 14 IS V 

•9 i i i i i i i i i i ; i i i i 
l« . -|- |_ -J J_ |- 4 | J | t 1 i 1 | | 
i) i 1 i i i 2 i i i 2 i i 1 t i 
12 1—*.—1_ _»-—»-.-l_._l_.t |_ -1 1.-2.. 1.. 4 — 1 
11 1 1 1 1 1 1 1 1 1 1 1 1 1 t 1 
I P - . _. 1 . - 4 - 2 - 1 — X — Z - . U . . 1. .1.-2.. 1_-L 2 .!_.» 
« l l l l l l l l l l l l l l l 
* I 1 1 I 1 • 1 If 1 « « ' < f 1 
1 l l l l l l l l l l t l l t l 
* I I 2. I t ' l l 1 ? 1 . 1 ? I I 
9 l l l l l l l l l l l l l l l 

•-*- .-.} . 1 — 1 ,"•, ,1 * • 1 . 1 1. L 2 1 1 I. .... , ._,. _. 
J I I I I I 2 I 1 I 2 I I 1 I ) 
? I..I .1 .1.. 1 1 1 1 J 1 1 1 1 1 1 ,,, 
1 l l l l l l l l l l l l l l l 

Fuel Assembly Arrays 



B-9 

. H t U J X , i *«.S»r S«2t IS 19 fct. .lt e». 

LE.iL I Cf #BB*» I.C. 

X * «. 1C It 12 13 l» IS 

19 
l« 
13 
12 
II 
\c 
« 
••-
7 

9 
• • * > 

3 
2-
I 

3 3 
^3-3-
3 3 

-3 -3 
3 3 

-3---3 
3 3 
~3-~3 
3 J 

- J — 3 
3 3 

-J---3-
3 3 

-3 » 

3 3 3 3 3 3 3 3 3 3 3 3 3 
--3~-3- J -3- 3 — 3 - - 3 — 3 - 3 - 3 -3 3 - 3 -
3 3 3 * 3 3 3 * 3 3 3 3 3 
-3 ..«- -J- -3—3 -3 S-_3-J- * -3 3- 3 — 
3 3 3 3 3 3 3 3 3 3 3 3 3 

-*_ 3 _J._». 3 -3-J_ « 3 -3 - • -3 -J 
3 3 3 3 3 3 3 3 3 3 3 3 3 

- 3 — * - -3--3—3 IC--3 -3 S---3 —S-- 3 — 3 - -
3 3 3 3 3 3 3 3 3 3 3 3 3 

.-»—3- 3--*.- -3~ -3—3 • - -3—3--*- - 3 — 3 — 
3 3 3 3 3 3 3 3 3 3 3 3 9 
- 3 — • — » - 3 - 3 - 3 — 3 - 3 -3 -* -3 3- -3- -
3 3 3 4 3 3 3 * 3 3 3 3 3 

_S-._ 3—3 •—»—»- -3 - 3 — 3 3 — 3 - -3 — 3 - 3 — 
3 3 3 3 3 3 3 3 3 3 3 3 3 

-ACC*» >C. -J—- *fcc#r -nze-it- -i*. e»—is-ai- — i 

cevet i cr ASS** K C . 

I 3 3 « 9 t 7 • f |C II 12 13 I* 19 

19 
l«-
13 
12 
II 
-It-. 
« 

_ i . 
7 

—*-
9 

3 

I 

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
- J — J - 3 — J — - 3 — 3 — 3 — J — 3 - 3 — 3 — 3 — 3 - - 3 -3-
3 3 3 3 3 13 3 3 3 13 3 3 3 3 3 
_3—3 -3-43 -3- - 3 — 3 --)- J — 3 — » -13—3 — 3 3-
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
-3 J. 13. J _J_4J 3 — 3 — l - l » . 3 — 3 . 13—3-_3.. 
3 3 3 3 3 1 3 3 3 3 3 3 3 3 3 
_3-3—S._J_3--3- 3-IC-.3.. J - 3- -J...J 3 3.. 
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
- 3 - 3 13. _3—3-i3..„3-. .S...3.XS. -3- 3-13. ..3 ~3_ 
3 3 3 J 3 3 3 3 J J 3 3 3 3 3 

„3_ .3—I-U.--9—3-J-.-3 _J .3- .3- l»~ J .-3-3 . 
3 3 3 3 3 13 3 3 3 13 3 3 3 3 3 

-3- J - 3 — I — 3 - 3 J— 1 . . . 1 . . . . » J —3.-3- .3 -.-*_ 
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

Fuel Assembly Arrays 
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-..AdBAt-tX. • - J...«Y SIZE IS .is e». is et.. . i 

- ABB*-V-hC, * ABB»V-$| ZI-t* H- •#» H-«* 1 

if'. 

LCVCL i zf >PB#Y M>. 

X * I 1 ] I S t T I I It l| 12 I] l« 19 

Fuel Assembly Arrays 



B-XX 

4RBAV M l . - »BC»T S I IC IS IS 9 * 15 4» 1-

LEVEL I cr » » « i t n t . 

X « 1 3 3 • S 9 T t 4 14 11 12 13 1 * 15 

IS 
- 1 * 

13 
12 — 
11 

-19 

f 
---9 — 

t 

C 6 E E 6 9 6 C C 
- * ft-_*_«...«—»_.»._»__$, 

6 4 4 4 4 9 4 4 4 
- 4 - - * — 4 - - « — « - - « - « .*—4—4-

4 4 4 4 4 9 4 4 4 9 
— 4 — 4 — 4 - « 6—»....i »—s_S-
• « « s « « e e < < e « 9 9 

--9—9—•—•—•- *—4-1*—4 9—•—4—-«—4-
4 4 4 4 4 4 6 4 4 4 4 4 4 4 

6 9 E E 6 
-9—9—9 -4- -4-

S 9 9 9 9 

9 9 
- 4 — * -

-9 9 — * — S — 9 — -4—9—9— *—*—9—< • — 5 — * 
S 4 * 4 4 4 4 4 4 4 4 4 4 4 4 

-4 • — 4 — « — j — * — > « i—« 9 - 4 9—4-—9 
3 4 4 4 4 4 9 * 4 c 9 4 4 4 4 

•3 9 — 9 — « — 9 — 9 — 9 — 6 9 — 9 — 4 — 4 — 4 — 4 — 4 
1 4 4 4 4 4 * 9 4 4 9 4 4 4 4 

- «aa« »-i.a»- * ARE**-size - n — i s - * * — u » 

LEVEL I CF *»K*V * C . 
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APPENDIX C 

KEHO-IV Input Procedures 
Copies of the card image input and certain input edits for the KEHO-IV 

•Displaced-Fuel Slump" and "In-Place Fuel Slump" disrupted core nodal 
analyses are presented here. The primary purpose of this appendix is to 
demonstrate the use of the HAKARAY Module in preparing the mixed-box 
orientation array for KEHO-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 C 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: 

Ifcfil IMS. 

NITAVL Input for Cross Section Processing C3 
MAKARAY Input for Core Midplane Arrays CM 

MAKARAY Input for 6 Full Assemblies (15 x 15) C5 
MAKARAY Input for Peripheral Hater (15 x 15) C5 

and Water Gaps (1 x 8, 8 x 1, 1 x 15, 15 x 1, l x l ) 
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MAKAKAI Input for 7th Full Assembly (Fuel C-Box 6, C5 

LBP2-Box 8, 24th subarray specified) 

MAKARAI Input for Combining Subarrays C6 

KENO-IV Control Parameters Edit C6 

KENO-IV Mixing Table for Macroscopic Constants C7 
KENO-I? Box Type Specifications C8-C9 

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

NITAWL Table of Contents C10 

Printer Plots of MAKARAI Subarrays CI0-15 
Core Midplane Arrays 

Full Assembly Arrays (15 x 15) C16-C18 

Peripheral Hater (15 x 15) CI9 

Water Gap (Subarrays 20, 21, 22, 23 omitted) C19 

24th Subarray for Fuel C-LBP2 C20 
(Note Box Type 6 and Box Type 8) 

Subarray Combination for Mixed-Box Orientation Array C20 
(Center of core is subarray 1, Note subarray 24) 

Portion of Mixed-Box Orientation Array C21 
(Note Fuel-C, LBP2 Assembly) 

KENO-IV Mixing Table for "Displaced-Fuel Slump" C22 
Model Analysis 

Input Stream for "In-Place Fuel flump" Model Analysis C24-C30 
(Note differences between this and previous case 
for NITAWL resonance proceeding data, KENO-IV 
mixing table, KENO-IV specifications for the 
fuel radius and height. The MAKARAY specifications 
are the same for both cases. 
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» i*3 36u 2?f ' ; . $ » - « I I . I J C * ! « • * I I5.5<i« 517 I I 
9223" 2S3 2 C.*7 0.226 6 * . I * 'J.0221 1 1 6 . * $ * 7.e« I 235 C.JIS I I 
« ! H J ^ t s . W - S . v l l l - l . « « J l . t I l ! . H < 13.76 1 . 1 — 
• » • F2S3.Q 2T 
t'.C 

NITAWL Input for Cross Section Processing 



c-i* 

t 
P. 

'* 

I » l I M I l » L C C H £ . i l X f C CZUC i - • S j » 
Z Si 
1 t 1 
•> 2 e i 2 « I 1 1 1 K 

. . . 1 9 1 1 1 — i - i i . . : i i c . 2 2 2 * 1 I I I 1 . 1 C 
1 3 I 1 1 2 t l i l l -
l u 3 6 3 3 3 1 I I I b 

. . . . 1 1 . - 5 1 4 — -S - S . - I - 1 1 . - l> 
1 0 3 3 1 
t 

6 t I 1 1 1 1 

• 
i s — a . i - -
5 1 I S 1 2 H 1 1 1 1 « 
2 2 1 I S 1 1 1 1 l i t 
I B »> * 1 1 1 1 I I I >J 

_ . . . - 7 - 3 6 3 • 3 - 3 - 1 1 I 1 C -7 1 C 1 3 3 3 3 1 1 1 1 •t 
7 • 1 2 t S S I 1 1 1 •" 7 6 I C • 
t 

6 6 1 I I I 2 

• 
I S 8 1 
5 1 I S 1 2 * 1 1 1 1 0 
2 2 I I S 1 - - 1 1 - 1 - I - 1 - 1 - - -C ••-. ........ 1 0 <J « 1 I l l l i t 0 
« 3 6 3 3 3 1 I I I 0 
• I C 1 3 3 3 3 1 1 1 1 •> 5 - '• i f a — S - * 1 t l - l 

* 6 1 1 1 1 
>} 

a e ic • 
* 

— S - * 1 t l - l 
* 6 1 1 1 1 1 

• 
ts a i • 1 I S I 2 f 1 1 1 1 Q 
2 1 1 I S l i l t 1 1 1 r 

" 1 6 - a '. i " ~l T ' l • ' —1—I ~ l IT— —*~ ~~ 1 0 3 <• 3 3 3 1 1 1 1 C 
1 0 I C 1 3 3 3 3 1 1 1 1 • i 

1 0 4 1 2 4 5 S 1 1 1 1 K, 
1 0 6 I C « 6 6 1 I I I 1 

* 
I S * 1 •4 1 I S 1 2 1 1 1 1 1 C 
2 3 i i s - l 1 1 1 1 1 • 1 — C . . I * * t I I I I I I I 0 
1 0 3 6 3 3 3 1 1 1 1 C 
io to u 3 3 3 1 t i l e 
1 0 * ->i • * S « - I - I I I - (, 1 0 6 10 • • » 

6 ( 1 I I I 

1 3 — * I 
6 1 I S 1 2 * 1 1 1 1 C 
2 3 1 I S 1 1 1 1 I I I C 
i t a t i 1 1 1 1 1 1 r. 

- . - I I 3 * 3 - 3 -3 1 1 - 1 1 - 0 
1 1 1 0 1 3 3 3 J 1 I I I c 
I I « 1 2 • S S I I I I #1 

f l 6 1 0 • C « 1 I I I i 

« 1 9 1 
S 2 ». 1 1 15 1 I I ' • 
1 3 I I I 1 i « l I I I .i 
I S I I I e •• i i l l i 
7 3 3 1 3 e 3 I I I f! 
7 3 3 1 1 0 1 3 3 I I I v 

. 7 _ . 3 S 1 - • 12 0 - 1 1 1 t, 
7 I I I t I t « I I I 1 

• 
* I S 1 S 2 r I 1 I S 1 I I I f 
13 I I I 1 1 * I I I I (l 
I S I I I e e i i l l o . f. — - J J » - . - - 3 - 4 - 3 1 — 1 - 1 0 -
* 3 3 1 1 0 1 3 3 1 1 1 0 
a » * i • 1 2 C I I I 0 
a 6 f i t t o • I I I 1 
J . _ - — _ -- . _. _. ... 
C I S 1 
• 2 * 1 1 I S 1 I I I 3 
1 3 1 - | _ f . — - i - 1 * 1 *- I I « -
I S 1 1 1 « « 1 I I I 0 
1 0 3 3 1 3 * 3 I I I 0 
1 0 3 3 1 1 0 I t 3 I I I 0 
| Q ^ «J | , 

e i c * i t t i io 6 e i e i c * i t t i 

a . . j . » — i 
6 2 0 1 i i s t t i i q 
) • I I I J ) 5 1 1 1 1 0 
I S I I I *. * 1 I I I 0 

I'J 1 3 1 1 1 1 0 1 0 3 3 1 I'J 1 3 1 1 1 1 0 
1 0 S S I * 11 t 1 1 1 C 
1 0 * • 1 • 6 1 0 • I I I 1 

i 
4 I S 1 

i'"ta r I ' I I K 1 * I I I 1 15 1 I I I n 
I S I I I a e i l i t o 
1 1 3 3 1 3 * 3 I I I 0 
I I 3 3 1 H l 1 3 I I I 0 

. . . « _ . . 1 1 S i » - 1 -— - 4 ' 1 3 0 I I I 0 
I I 0 6 1 6 t o « i l l i 

KAKARAY Input for Core Midplane Arrays 

ft' 



C-5 

- I S -19 I 
• I 13 I I I * I I t I 0 
a* n * i * e t i l l o 
10 * IC « J U i'J I I I C 
10 - • I S - * - - * ! » - » l - l I <S 
1 0 3 6 3 6 IC » 1 1 1 C 
lo IC 13 3 6 IC * I I I 1 

13 
5 
2 * 

-1 -
7 
7 
7 

15 I 
I 13 I 
e r i 

-6 10 * -
• t2 » 
3 6 3 
13 13 3 

I 13 I 
e » • 

) I J lu— 
• 12 « 

6 10 * 
6 lu * 

1 1 1 0 
t i t e 

_ I . l - l c-
I I I C 
I I I C 
t i t i 

19 IS 1 
9 I 15 I 1 I * I 2* _ « - * - » • s . | 
• t 10 » 3 13 IC 
a • u < « i2 « 
B 3 ( 3 t 10 < 

J 1X—IJ-3 6_U-Jt. 

I I I C 
-V-t _« -C _ . 

I l l 0 
I I I V 
i l l r 

— i _ i _ i i 

19 19 I 
. 9 1. 1S-1 1-43 J. 

2« e » i e » i 
« * i« • 3 i s i<3 
« < IS « • 12 t 

_S 3 t - 3 <_!«- *_ 
s te 13 3 • lc « 

15 
f: 
2* 
l b 
IC 
1C 
10 

IS * 
2* 

- I I 
11 
I I 
I I 

13 | _ . _ . ._ 
l 16 I i »5 l i l l •; 
t f l « e l i i i c 
• 1C •» ! | ! I t l i t r 
« i f e »_ i2 c i i i - c 
3 t 3 e t c * 1 1 1 '-• 
IC 13 3 C IC 4 I I I I 

' i t I 
I II I I I* I I I I I. 
» * i e «= i t i l c 

. * - 1 C - * 3--I4—IC l - l - l —-C-
• 12 » • |2 * 1 1 1 v 
3 6 3 I I I < I I I C 
16 13 3 t I t i I I I 1 

MAKARAY Input for Six Full Assemblies 

i IS 1 
20 I 15 I J IS 1 I I I I 

2 I 
7«" i 1 -i i m < 

I I I a ' i i t i i 
i i 

5 1—l~i 1—1-4 1 l - l .--Ji­
lt e i I I I I I I I 

i s - j ,_ 
l i t 1 15 1 I I I 1 

I 15 I I I I I I I I 

3 1 1 1 I I 1 " I I I I 

MAKARAY Input for Peripheral Water and Water Gaps 

I 1 9 - 1 
I >4 I I 13 I 1 1 1 f 

> * ( I 8 « I I I I b 
* IC • 3 13 10 I I I C 
» \i .,#. - - 4 - | j ._( | . | | . . . 0 
3 6 3 6 10 4 I I I C 
IC 13 i k 10 > 1 1 1 I 

HAKARAY Input for 7th Full Assembly 



r ! 

C-6 

. . . . . 2 l« 2 . 
- 2 J - 2 - l « - 3 - - J -»-»-2 •— 

22 3 15 2 2 I* 2 
7 I I I 3 3 1 
21 2 I * 2 3 IS 2 

- 1 2 - 3 - 1 1 -*• — 3-3 I — 
13 5 13 * 3 2 1 
14 9 9 I 
IT IS 19 I 
« ._ | . . | . | -
13 3 3 I 
! • I I I I : 
12 5 9 

- I S 
16 
r 
12 
15 
IT 
i » 
i * 

- 7 - 7 - 1 — 
13 13 I 
I I I 
3 I I • 
•5 

3 3 1 
3 5 2 

9 9 * 
5 5 I 

I « 5 I 
S S I 

_ 5 _ 6 - l — 
s _ 

7 I I » 
T 7 I 

. . —T- T - l 
13 13 I T 7 t 
IS IS I 7 IS 2 

. - 3 3 1 9 9 1 
1 2 — 9 - 9 - * 9 -9-- I — 19 T 7 I 9 S t 2* 11 I I I 9 9 1 IT 13 13 I 9 9 1 12—3-7 » I4-II-I-l« S S I II II I 2* 9 9 1 II II 1 17 II II I II II I • IJ I." ( H I S I I I 

0 
0 
0 
o 
0 
u 

MAKARAY Input for Combining Subarrays 

f«-i »-»L* coff >-*L#-r-»io« -
2.19 ICO l»v 1 27 27 20 
0 I6tC 0 V I 7/ 0 -I.C 0 -I.C '. 0 

*4 11 it 12C 12V I -20 I 

KENO-IV Control Parameters 

L J 



C-7 

1 — «cS3S •.•*7W»-.--2 -«2235 t.C«3«7-» 
-«235 «-.77».»*.-» 
-«235 S.f*2«5-« 
« « • 2.216*3-2 
*2iJ* 2. 2C •>*••? 

3 «223» 2.tS33«-2 
*?ile I . I ^ I . ' W 
-•««* •.StlrC-3 
•CI* «.«2l«-2 
tCI* •.32231-2 
CCi« e.«tS2*-2 

_ -»«»* *. 4?4f?~2 
•c.?- t.»f»j2-2 
eci» • •"•=o2s»2 

I rci6 2.J2««T.2 
So it. +.»3ms~» 
soio 3.e»njj-» 
S O S 3.1»333-« 
5119 I.loTO''** I •«>•— J.»3»-*&-» Sell I.»2»32-S S H I !.!-*•?»—3 SCI I l.3»«M-J *?! >_*_*>*A^.ft > ,CII l.»5»»«»3 
• «I2 9.6264C-* 
• 112 S.|07C*»« 
»«I2 —>*.iU|t«< 
I3C2T 4.3im«-2 
I3c2» «.J|?2i-2 
IJ'.JT 4>.3;S*««2 
4714.' -3.*nt>t>*3 
«7|C9 2.ICS27-2 
««CCC 2.72«eC-3 
«*II3 3.«Tl«l-« 

•-•«•!» 7.»«»*l-2 -
let I 2..*Si»»f 

I ICCI «.*75s".; 
•13C2 «.2«1*l-2 

8—2«»t» l.7«2-«-2 
0 2SCS3 l.73n««»3 

IC 2*3C« 7.721«!l"l 

KENO-IV Mixing Table for Macroscopic Con3tauts 



C-8 

• i 

i » -

e«.ecic 
fee. i »e t z 
CC9CIC | | 
i » 4 f . « 
PC» T r C t 3 

-xt»cre rr 
* 7 » c . S 
• « 1 * TTCt 4 
e » t i f - c e » i 
2 » * r . 5 

2 7 4 . 1 . a 
C v L | M t B 9 
2 7 * c . 9 

_c»,*cic _ 
2 7 * . . . 5 
9C» T»Ct 
C«Lir .CE» 
> 7 » v . S 
C T L I ' . C C C 
2 7 * « . . S 
C » l | r . C f S 

- 2 7 4 0 . 5 _ 
2 7 4 0 . 9 
d C i T » f E « 

- C » L H - r * B . - _ » -
2 7 « c 9 
CvLir.CEB c 
2 7 4 C . S 

_ C » L | I - C 9 S 6 -

CuB^ic i i 
2 * 4 0 . 9 

— « 0 < i t F E 7— 
C Y k l ' . C t B • 
2 7 4 C . 5 
C r L i ' . C t B 9 

_ 2 7 « c . 5 

1 . 4 * 3 t , 1 7 C 1 * 2 . « « 7 * <] 

. |7 e i«44] o 1*2.ce^] o 

T I T C TT7 C - - i r j . « * T 3 r — r 

,*T 1 9 2 . 9 6 7 3 9 

. * ! « — i « j . 4 6 . 7 3 — e -

11 

. S * * l » 2 . » * 7 3 a 

. 1 3 1 5 - » J 2 | S — . J i l S -

, * 7 1 9 3 . 6 6 7 3 C 

, * > « ~ l*2~.*»67~3 ~ 0 

. 5 4 6 I S 2 . 9 6 7 3 9 

"T72ljT"r772l9 ^T2I5~ 

, * 7 - l « 3 . * * > 7 3 — « -

. 4 7 * 1 9 2 . 9 9 7 3 0 

_ , 5 * f c — 1 4 2 . 9 * 7 3 — 0 

. 7 2 1 9 ' . 7 2 1 9 . 7 2 1 5 

. 7 2 1 5 1 2 . 3 . 6 6 7 3 _ _ C _ . 

7215 1 9 2 . 9 * 7 3 0 

' . 7 2 1 5 1 9 2 . 9 6 7 3 

C v l l K C C B | | 
2 7 * g , S 
C T L | N C E « f 

- 3 7 * 0 . 9 
Cl.BC IC i : 

• • 5 7 2 1 9 2 . 9 9 7 3 C 

. 5 4 * 1 9 2 . 9 6 7 3 9 

763~jt*6 | 4 2 . ' U 7 3 ~ 

. 9 7 3 1 0 1 9 2 . 9 9 7 3 

2 7 * 0 . 5 
9bX T » B I 
C T L i r . r t a -
2 7 * 0 . 5 

. 7 2 1 9 - . 7 2 1 5 . 7 2 1 9 - . 7 2 1 5 I C 2 . 9 6 T 3 

CTL;*CCB 
274(.5 

-f,*\.l\C$M l| 

27»«.9 

-.4973—»93****3—C— 
.949 192.9673 0 

-143.467 3~ 

-aiue- -M-
2799.5 
0OX T»PE 9 
OLifccea 6 

27*0.9 
CTLIhCfB 
3**0.* 

.67910 192.9673 9 
.7219 ..3219 .4*1*—*^»lf 193.9973 • ft. 

.•572 192.9673 0 

II 
.546 162.9673 9 

.612*6 193.9973 9 
CTLIKOEB 
27*9.9 
CU90I0 II 

.67310 192.6673 0 
.7215 -.7*15 .7215 -.7219 I93.96T3 0 

9CI T»H is 
CTLIKOf* || 
2740.5 
CTLIKCCB 
2740.5 
C7LI»P«9 
-J7«t;5 s 

10 

2740.9 
CO60I0 || .7215 -.7215 
2 7 4 0 . 5 

. 5 9 1 9 2 . 9 9 7 3 0 

. . 9 1 1 6 2 . 9 6 7 3 9 

. 6 3 2 * 4 1 9 3 . 4 9 7 3 

. 6 7 J 1 C l » * . » » 7 J 

. 7 2 1 5 - . 7 2 1 5 1 6 2 . 9 9 7 3 

C r t l U C t B t<t . 6 0 9 6 1 9 2 . 9 6 7 3 « 

I I . 6 1 2 * 6 1 9 2 . 9 9 7 3 
2 7 4 0 . 5 
CrL|»>CfB 

- 2 T * ( V , » 
Cr i l fcOCB 

CvBclc 
- 3 7 4 0 . 5 — 

9 0 M TvCf | 3 
Z " t > I C v i * x I . 4 7 

9 . 6 7 3 1 0 1 6 3 . 9 4 7 3 C 

I I . 7 2 1 5 - . 7 2 1 9 . 7 2 1 5 - . 7 2 1 9 1 2 2 . 9 9 7 3 

2 7 * 0 . 5 
- J M 6 * 

9 2 . 9 * 7 3 0 

6 6 7 3 — 6 -Z H 6 » 1 6 * l * » » 
2 7 * 0 . 5 
ZMt»JCTL*X 9 . 5 4 6 1 9 2 . 9 9 7 3 0 
2 7 * 0 . 5 „ „ 
C U C I O - t t ~ - r * a t » 0 . 7 3 1 9 - - r 7 3 l . » ' > 9 3 . 9 9 7 - 3 - . 0 -
2 7 * 0 . 5 

KENO-IV Box Type Specifications 

http://Cl.BC


C-9 

(continued) 

2»£»tC»L-»A 2 ,«7 : « 2 . « « r j o * 

0 ,«73 1*2.3*73 C 
« . 3 * * |«2 ,**73 0 

• T2>S 0~ .Ti l 5 

2i-E»IC»L»* 
2T»C.S 

-2?*o .S 
CL'CIC t l 
2 7 . J . 3 

.2HErjc»LA»—j- . * i — i « a . e » 7 j — c — 
2 7 . 0 . 9 
2>k>ICTL*X « . » 7 f l * 2 . * « 7 l C 
27*0 -3 
Zr-E*IClkJLX » • * * « — l » 2 . » t 7 3 - - » -
2 7 » e . j 
C1.6C IC | t .7213 0 .7213 
2 7 . « . 3 

-*C*_ t «CE—.49-

• .7219 1*2.3673 

.7213 l«2.««73 « 

II .5*007 1*2.3673 27*c.S 
Z"«"KU»« f ,«,2«II 1(2.1672 0 
27*t,V 
Cv<CIC II .7213 C .7215 
27*c.3 

.7219 S*2.*«73 0 
HCt rrfe 16 

- IHtlr |C>l*JC H 
27*0.3 
.Circle 1+ 
27*c.S 

,S6Ci7— K 2 . B * 7 3 - »-
9 .62*11 l*2.**73 0 

**-l*—»«>2|3 .7-2-11 3*73-
eci 7»c§ cuecic 
-27*6.6-

17 
II .7213 .11 162.(673 0 

•Ol tvPf I* CbBOIC || 27*0.3 .Mn-TvBC——M-
.|7 0 .7213 0 l»2.e«7J 0 

11 cuecie 
27*0.9 
ect tret 2c 
c t e c i c n 
2 7 * 0 . 9 
mc T»CC 2 i 

- T u f l C T L * * - ~ r 

.7213 ft 

l . « * J 0 

.7219 

l . * * 3 

I *2 .««73 

1*2.6673 

8 7 * 0 . 3 
Z"-€»IC»I.*» 
2 7 * 0 . 3 

- 2 7 * 6 . 3 
*U6» 

,*•> I12.33T3 0 
0 . * 7 9 l * 2 . * * 7 3 C 
3 . 3 4 * l « 2 . t « 7 3 0 

II .7213 - .7213 .7213 0 

w i • & » • 

27*0.9 
•OK T»;£ 22 

?7*0 .9 Hf»ICTL*V 0 .473 
2 7 * 0 . 3 

-2"ifc IC4L-M*—f ^ 4 * — M I t H H 
2 7 * 0 . 3 
C120JC I I . 7 2 * 9 • . 7 2 1 * . . 7 2 1 3 
2 7 * 0 . 9 

132.6673 0 

z»t*tCiL*r 

2r* i» .9 — — — — — • "•- ' 
9*3 l « 2 . »»73 C 

• . 7219 .7215 
Z * S » J C Y W * Y 
27 .C .3 
CHOIC II .7219 

-27*0.9 : 
• C I TXft 2 * 
C Y U N C I B I | .9300? 132.1371 0 
2 7 * 0 . 3 

- C»L I fcC**—-«.—,62* M — * »2 .# *7 »—t— 
2 7 * 0 . 3 
CU9CIC I I .7213 - . 7 2 1 9 .7213 
2 7 * 0 f 9 

- • 0 1 

l«2 .««73 « 

- . 7 2 1 3 1(2 .3673 
i*M-

CvOOIC 
PCl°TVP» 

-CUIOIO 
27*0.5 
cest no* 

-cvsolc— 
2 7 * 0 , 3 
CufCIO 
2 7 * 0 . 3 

-€*0 

-23-
I I .7219 .17 0 1*2.3373 0 

-,731-9 • — + 3 3 # » * » » — O 
0 163.3273 0 I63.J27K 0 132.3673 0 

4 t6+^52?9 3 1»».«3*»—« »«»»4 3— 
II 133.9275 0 133.9273 0 3*3.7346 -20. 

?TT-

KENO-IV Box Type Specifications 



C-10 

I I t I 
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I V « 1 lkl«l«l l »Kl«»«V'»«Wn> 

n i »—a>u«uws j _>• •»» » » ««. 

b»«;o<tF^*» * ~ ^ 4 u w a ^ . - « < < *~ •* 
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Pf 1192 *T 99-3041 l / E f 11 P-3 293K »»'»6*«(42375M 
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KEHO-IV Mixing TabU for "Dl»pl«c«d-Fu*l 
gluap" Hod«l Analytic 
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Input Straw for "In-Plac* Fuel Sluap" Model Analysis 
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(continued) 
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(continued) 
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Input Str«n for "In-PUce Fuel Slunp" Mod«l Analysis 
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—9912 5 .929-* 
9912 5 . I 9 7 0 - 4 
9»l> 4.23315-4 

13927 4 . 3 l t , | 4 - 2 
- U - l 2 7 _ * .31729-2 
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•9113 3 . * 7 l » I - « 
49115 7 . - 5 * 5 1 - 3 
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CV-IUOen 2 .6279 205 .2 9 
27.C.5 - . 
CVUND-P 9 .6275 3 6 5 . 7 3 * 9 9 
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- f s 5 ° * S l t - . 9 - . 9 _ - . . . 7 2 1 9 — • 7 3 4 9 — - - 7 » | » . " 3 * 9 . 
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' € ' • • > • 9_ 
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| l * 0 . f I I . 7219 - . 7 2 1 9 .7219 - . 7 2 1 9 3 * 9 , 7 3 * 9 9 
f 799 ,9——. .« 
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2 7 * ? , 9 

-Crkl ' lOBft - 4 - , 9 * t _ 3 6 5 , T 3 « t _ 0 mi * _ _ • - _ ' * • * • » • * - , » ' » - T *»» - . 7 I I * 3*9,734* 9 2790 ,9 i n * TYPf j_ • , r „• i • 
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Input str««a for "In-Plac* Fuel 81uap" Mod«l Analysis 
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C-28 
(continued) 

.6*96 365.7346 0 
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- . M 7 5 - 2 * 5 . 2 - 9 - . 
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Input 8tr«m for "In-Pl«ce Fuel Sluap" Model Analysis 
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Input Stream for "In-Place Fuel Slump" Model Analysis 
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