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APPENDIX E

THERMAL ANALYSIS OF NLI10/24 CASK 

Introduction 

The results of the thermal analysis outlined in this Appendix 

were used for the final stress analysis calculations concerning containment 

safety. The 2-D axial model of the cask reported in this Appendix is 

slightly more conservative than the similar model reported in Appendix D, 

i.e., resulting temperatures produce higher stress in the shells. The 

modeling difference is found in the treatment of the axial conduction of 

heat in the basket. The thermal model used here assumes an additional 

thermal impedence component based on the interface between the axial 

section of the basket and, hence, heat does not flow axially as well as 

the Appendix D model. -This change results in slightly higher midplane 

shell temperatures and cooler conditions on the ends of the cask.  

In addition to the 2-D axial model of the cask, a 2-D circum

ferential model was developed to estimate the magnitude of circumferential 

gradients in the inner shell, lead, and outer shell. The circumferential 

temperature differences calculated were used In the normal cycle stress 

range evaluations.
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Top and Bottom Section Analyses 

Detailed two-dimensional heat transfer analyses of the top and 

bottom sections of the NLI 10/24 cask were performed for use for the 

stress anaiysis calculations. The operating conditions analyzed 

include: 

1. Normal operation with 40 and 70 kw thermal inventory 

at ambient temperatures of -40 and 130 F 

2. Post-fire operation (loss of coblant) with 40 and 70 kw 

thermal inventory at ambient temperatures of -40 and 130 F 

The discussion which follows outlines the analytical models used 

as well as the computed temperature profiles corresponding to the above 

cases.  

Development of Thermal Model 

The thermal models used in the heat transfer analysis of the top 

and bottom sections of the cask are shown in Figure E-1 and E-2, respectively.  

These thermal models incorporate the following assumptions and simplifications: 

1. Ambient (air) temperatures of -40F and 130F with solar 

heat load 

2. Temperature dependent thermophysical properties for 

all materials including water/glycol solution for 

temperatures ranging from -40 to 300F
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3. Radiation is assumed to be diffuse between gray surfaces 

4. The following hemispherical emissivities were used: 

.5 for stainless steel and .7 for carbon steel within 

the neutron shield; .25 for stainless steel of the 

external cask shielding fin 

5. Temperature of internal steel fins assumed to be equal 

to that of the adjacent shell 

6. Circumferential components of heat transport 

neglected 

7. Lead bonding at inner shdll is assumed at contact 

pressurer for the yield strength of lead; at the 

outer shell only 75 percent of the contact area Is 

accounted for In heat conduction due to shrinkage gaps 

8. The fuel basket was modeled as a simplified lumped 

parameter in the radial direction with radial 

gradients restricted to conform to prior basket 

analysis in this SAR 

9. The axial conduction area of the fuel basket materials 

was lumped into a single effective conduction area of 

aluminum for simplicity 

10. Longitudinal axis of cask oriented horizontally
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11. The heat transfer between the fuel baskets and the 

bottom end includes a conductance .of 2.80 for the helium 

filled cavity and the stainless steel basket supports 

plus a radiation exchange factor of .333.  

12. Interface thermal conductance of 500. Btu/hr ft 2 f 

at stainless steel/uranium interfaces in bottom 

section of cask 

13'. Cavities and gaps within inner shell and fuel baskets 

are filled with helium at atmospheric piressure 

14. Neutron shield cavity is filled with air during 

post-fire operation of cask 

15. :An effective emissivity of .58 for radiative exchange 

within the finned neutron shield was calculated for 

post-fire conditions with the aid of the CONFAC 

radiation interchange computer 

16. A convective heat transfer function (h 0.82&T"278) 

was incorporated into the thermal analysis of the 

finned neutron shield for post-fire conditions.  

This heat transfer function was developed from Lia

Mueller-Landis** correlations 

*K. A. Toups, '•CONFAC A GENERAL COMPUTER PROGRAM FOR 
THE DETERMINATION OF RADIANT-INTERCiHANGE CONFIGURATION 
AND FORM FACTORS", SID65-1043-Z, October 1965.  

"* "NATURAL CONVECTION HEAT TRANSFER IN LONG HORIZONTAL 
CYLINDRICAL ANNULI", International Developments in Heat Transfer.  
Paper 117. Boulder, Colorado, August 1961.
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Sumnary of Input and Output Data 

The TRUMP finite-differencing heat transfer computer program was 

used for these thermal analyses. In these models, the node centers are 

located at the geometric centers of the subregions as shown in Figures 

E-1 and E-2. The assumptions outlined in the previous section, together 

with the physical dimensions and thermophysical properties, were trans

lated into the required input data formats as summarized in Exhibit E-1 

for the top section of the cask. These input data sets correspond to the 

top and bottom ends of the cask with a thermal inventory -of 70 kw and an 

ambient temperature of 130 F.  

The calculated temperatures for the top and bottom sections of 

the cask are summarized in Figure E-3 to E-18 for the normal and post

fire conditions. These temperatures are representative of a point at 

the geometric center of the nodes.
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"Clrcuferentlal Thermal :Analysis 

A detailed two-dimensional heat transfer analysis of the NLI 10/24 

cask was performed in order to estimate the magnitude of cOrcumferential 

temperature gradients in the inner shell, lead shield, and outer shell.  

Circumferential gradients in these members are possible when the longitudinal 

axis of the cask is oriented horizontally since the basket will be in good 

thermal contact with the inner shell over a fraction of the total circumferential 

surface area. As a result, a significant fraction of the heat transferred 

from the basket to the inner shell will flow through the lower portion of 

the circumferential interface. The discussion which follows outlines the 

analytical model used as well as the computer circumferential temperature 

profile. These results were -the basis for circumferential thermal stress 

analyses 

Development of Thermal'Model 
The thermal model used in the circumferential heat-transfer analysis 

incorporates the following assumptions and simplifications: 

1. Uniform heat generation in basket region 

2. 88 percent of 70 kw thermal inventory dissipated 

over 10-foot-long fuel basket 

3. The bottom one-sixth of the circumference of the fuel 

basket is in contact with the inner shell 

assuming an average heat transfer coefficient 

of 500 Btu/hr ft 2 F
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4. Maximum gap of 0.060 inch occurs at top of basket/ 

Inner shell interface and is occupied by helium 

at atmospheric pressure 

5. Surface of outer shell coupled to 'ambient" with 

constant heat transfer coefficient (i.e., temperature 

"Ssmearing" effect of naturally convecting water/ 

glycol mixture neglected) 

6. "Ambient" boundary condition adjusted to simulate 

radial thermal impedance of water jacket and 

external fins dissipating to air at 130 F.  

Summary of Input and Output Data 

The TRUMP finite-differencing heat transfer computer program was 

used for this steady-state thermal analysis. The assumptions outlined in 

the previous section, togethbr with the physical dimensions and thermo

physical properties, were translated into the required input data formats 

as summarized in Exhibit E-3.  

The calculated steady-state, circumferential temperature profiles 

for the NLI 10/24 cask are summarized In Figure E-19. These temperatures 

are representative of a point at the geometric center of the nodes. The 

computer temperature profiles indicate a larger circumferential gradient 

than would actually occur in the presence of connecting heat transfer fluids 

in the water jacket and over the outer-finned surface of the water jacket.
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FIGURE 4. STEADY STATE TEKPERATURE PROFILE OF CASK UNDER POST-FIRE. CONDITIONS
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FIGURE 6. STEADY STATE TEMPERATURE PROFILE OF CASK UNDER POST-FIRE CONDITIONS
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FIGURE 7. STEADY STATE TEHPERATURE PROFL.E OF CASK UNDER NORMAL CnNDTTMn.'
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FIGURE 8. STEADY STATE TEMPERATURE PROFILE OF CASK UNDER POST-FIRE CONDITIONS
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2. Boundary conditionM: te e a u e. j 

External ambient temperature=.-..F 
Internal coolant temperature- F 

3. Internal heat generation in center 10-foot 
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FIGURE 10. STEADY STATE TEHPERATURE PROFILE OF CASK UNDER POST-FIRE CONDITIONS
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fIGURE 13. STEADY STATE TEMPERATURE PROFILE OF C/ UNDER NORM4,L CONDITIONS
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FIGURE 14. STEADY STATE TEMPERATURE PROFILE OF CASK UNDER POST-FLUE CONDITIONS
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'RE 15. STEADY STATE TEMPERATURE PROFILE OF CA.S 16LR NORMAL CONDITIONS (
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FIGURE 16. STEADX.STATE TEMPERATURE PROFILE OF CASK UNDER POST-FIRE CONDITIONS
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FIWJRE 17. STEADY STATE TEMPERATURE PROFILE OF CASK UNDER NORMAL. CONDITTONS
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FIGURE 18. STEADY STATE TEHPERAURE PROFILE OF CASK UNDER POST-FIRE CONDITIONS
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FIGURE E-19. STEADY-STATE, CIRCUMFERENTIAL TEMPERATURE PROFILE 
OF NLI 10/24 CASK WITH THERMAL INVENTORY OF 70KW.
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Section IX 

SHIELDING 

1.0 INTRODUCTION AND SUMMARY 

The purpose of this section is to define the total gamma and neutron dose 

rates to be expected outside the LI 10/24 spent fuel shipping cask. The 

fuel 'to be shipped and the corresponding fission product source inventories 

are discussed in Section III. Detailed dose rate calculations have been 

performed for the fuel parameters identified in Section III for the 10 PWR 

cask loading with an average burnup of 35,500 KWD/MTU, an average operating 

specific power of 36.3 kw/kgU, and an initial enrichment of 3.35 w/o U-235 

in 4.54 MT of uranium. Calculations were not performed for the BWR sources, 

since as shown in Section III, the PWR source loading presents the limiting 

design conditions.  

The NLI spent fuel rail shipping cask shield has been designed to insure that 

the radiation emanating from the cask is effectively reduced to levels equal 

to or less than those levels currently specified by the DOT or AEC hazardous 

materials shipping regulations. The pertinent radiation standards controlling 
the shield design are: 

From Section 173.393 of Reference I for normal conditions of transport: 

(1) 1000 millirem per hour at 3 feet from the external 
surface of the package (closed transport vehicle only); 

(2) 200 millirem per hour at any point on the external 
surface of the car or vehicle (closed transport vehicle 
only); 

(3) 10 millirem per hour at 6 feet from the external 
surface of the car or vehicle; and 

(4) 2 millirem per hour in any normally occupied position 
in the car or vehicle, except that this provision does not 
apply to private motor carriers." 

From Section 71.35 of Reference 2 which specifies the standards for hypo

thetical accident condi tions for a single package: 

"(a).  
(1) The reduction of shielding would not be sufficient 
to increase the external radiation dose rate to more than 

1000 millirems per hour at 3 feet from the external surface 

of the package.*

IX-1
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The shield materials used in the cask design have been selected and arranged to minimize the cask weight while maintaining overall shield effectiveness. Lead and depleted uranium were chosen as effective gamnma radiation shields, and a water jacket and Ricorad on the ends of the cask was provided to efficiently moderate the neutron radiation.  

The dose rate calculations are summarized in Table IX-1 and Figure IX-1.  
Table IX-1 shows the dose rates for: 

(1) normal conditions at the cask surface and 6 feet from 
the vehicle surface at the fuel midplane 
(2) accident conditions at 3 ft from the cask surface at the 
fuel midplane 
(3) the ratio of accident to normal dose rate at 3 feet from 
the cask surface at the fuel midplane.  

Figure IX-1 shows the dose profile around the cask surface and indicates a local maximum dose rate near the bottom of the cask. This area of maximum surface dose rate does not contribute significantly to the maximum dose rate 10 feet from the vehicle surface under normal conditions or at 3 feet from the cask surface in accident conditions.  

Dose rates off the top of the cask are less than off the bottom of the cask for both normal and accident conditions. In addition the ratio of accidentto-normal dose rates is also less for the top than for the bottom.

IX-2
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TABLE IX-1 

NLI 10/24 SHIPPING CASK 
SUMMARY OF MAXIMUM DOSE RATES

_ _ _DOSE RATE IN MR.,M/H _ 

SIDE BOTTOM 
Normal Ship. Cond. Accident Cond. Normal Ship. Cond. Accident Cond.  

Location y n Total y n t n Tota. l •n "t i 

Cask Surface 36.7 1.5 38.2 48.3 1019 1062 24.2 13.1 37.3 44.0 1900 1944 

3' Off Cask 
Surface 10.0 1.0 11.0 25 625 650 13.6 7.54 21.1 26.1 861 887 

6' Off 
Personnel Barrier 4.86 0. 62 5.48 .. .. . 94 0.65 1.59 -

3' Accident To 2.5 625 59. 1.92 114 42 
Normal Shipping 
Condition Dose 
Rate Ratio

0 .

C

I.



Bottom Value = Neutron Dose Rate

FIGURE IX-1. NEUTRON AND PRIMARY GAMMA DOSE RATES 
AT THE CASK SURFACE (mRem/hr)

Top Value - Gamma Dose Rate 24.2 0.9
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The dose rates given in Table IX-1 include those from neutrons and gammas originating in the fuel, from neutrons and gammas scattered from the ground, radiation due to subcritical multiplication in the spent fuel and uranium shielding regions, and from secondary gammas resulting from neutron 
capture in the shield. All other sources of dose are insignificant. The details of the calculations and results are described in the following 
sections.  

2.0 DESIGN FUEL SOURCE TERMS 

Section III of this report defines the PWR and BWR fuel design and operating conditions on which the cask design is based and develops the corres
ponding neutron and gamma source strengths. The results, summarized in 
Table 111-3, indicate that both source terms are larger for the 10 PWR assembly cask loading than for the 24 BWR assembly cask loading. Detailed gamma and neutron dose rate calculations were therefore performed only for 
the 10 PWR loading.  

Table IX-2 gives the PWR design information used as a basis for the cask shield design. The energy distributions of the primary gamma and neutron sources are given in Table IX-3 and IX-4, respectively. The basis for 
these distributions is given in Section III. In addition to the primary neutron and gamma sources originating in the spent fuel being shipped, 
secondary gamma sources occur because of interactions of the primary 
neutron radiation with the cask materials. These sources and the result
ing doses are discussed later in this section.  

3.0 METHODS OF ANALYSIS 

Presented below is a discussion of the techniques used to perform gammna 
and neutron dose rate calculations leading to the design of the NLI spent fuel shipping cask. Included is a definition of the various computer codes used in the cask design, a description of the configuration and composition of the source and shield materials used, and the location of the various 
dose points considered.  

3.1 Shield - Dose Point Description 

The shield overlay shown in Figure IX-2, whose dimensions are defined in Table IX-5, was used to represent the NLI 10/24 rail cask for normal shipping conditions. Table IX-6 defines the material overlay densities and elemental 
compositions.  

All materials thus defined conform with standard material compositions specified in References 3, 4, 5 and 6 for-the materials of construction 
specified in Section VI. For example, the U-235 content of the depleted uranium shield, taken as 0.22 w/o U-235, is in accordance with depleted 
uranium material composition specifications given in Reference 3. The water density in the neutron shield tank was based on a water temperature of 2500F.  
The maximum expected temperature for the shield tank is 232°F.

IX-5



Rev. 1 - 9/78

TABLE IX-2 

PWR REFERENCE DESIGN INFORMATION

Loading 

Initial Enrichment 

Average Specific Power 

Average Burnup 

Cooling Time 

Total Gamma Energy 

Neutron Source

4540 kgU 

3.35 w/o 

36.3 kw/kgU 

35,500 MW4D/MTU 

150 days, 

17 
2.79 x 10 MeV/sec 

9 
4.85 x 10 n/sec
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TABLE IX-3 

DESIGN BASIS PWR GAMMA ENERGY DISTRIBUTION 150 DAYS AFTER SHUTDOWN

Gamma Energy, Max MeV 

2.0 

1.66 

1.33 

1.0 

0.8 

0.6 

0.4 

0.3 

0.2

Group 

30 

31 

32 

33 

34 

35 

36 

37 

30

Associated Section III 
Gup_(WNPD-BT-24) 

5 (1.8-2.2 MeV) 

4 (1.35-1.8 MeV) 

3 (0.9-1.35 MeV) 

2 (0.4-0.9 MeV) 

1 (0.1-0.4 MeV)

Relative Distribution 
150 Days After 

Shitdown 

-2 
1.0 x 10 

-9 x 9.4xi10

1I.8 x 10
-3

0.97526 

1.2 x 10 -2

Total =

GCamma Dccay 
";ourc(", , V/ 

2.79 x 
10 

2.90 x 10 

2.51 x 10 *14 

2.51 x 10f14 

1. 36 x 10 #17 

1.36 x 10 17 

1.116 x 10 

1.116 x is 

2.79 x 10i617

(

bn-.

00
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TABLE IX-4 

DESIGN BASIS PWR NEUTRON 
ENERGY DISTRIBUTION 150 DAYS 

AFTER SHUTDOWN 

NEUTRON SOURCE 
Enerc-y GrouD, Max. MeV n/sec 

15.0 -

12.2 3.057 x le 6 

10.0 1.4366 x 10 7 

8.18 5.0352 x 107 1.8 
6.36 1.6319 x 10 

4.96 2.29 x 101e 

4.06 8.6364 x 10.  

3.01 7.7224 x 10de 

2.46 -

2.35 7.6286 x 10t 

1.B3 7.6868 x 10 

.1.11 8.038 x 10*e 

0.55 4.1884 x•l 

Total= 4.85 x 1 0f9
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TABLE IX-5 

SHIELD REGION AND IDENTIFICATION

REGION 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21

MATERIAL 

Fuel Region 

Aluminum 

Steel 

Lead 

Steel 

Water 

Steel 

Steel 

Ri corad 

Steel 

Uranium 

Steel 

Void 

Fuel Region 

Void 

Steel 

Uranium 

Steel 

Ricorad 

Void 

Steel

IX-10

THICKNESS 
cm 

54.13375 

3.01625 

1.905 

15.24 

5.08 

22.86 

1 .905 

0.3175 

9.8425 

10.16 

6.36 

5.08 

20.32 

365.76 

69.85 

1.905 

7.62 

7.62 

7.62 

0.635 

6.35

I

I
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TABLE IX-6 

NLI 10/24 REFERENCE RAIL CASK SHIELD DENSITIES 

USED IN THE SHIELD DESIGN

Fuel Region 

Source Region

Aluminum Region 

Stainless Steel Region 

Lead Shield Region* 

Water in Shield Tank** 

Depleted Uranium 

Ricorad

Element 

Oxygen 
Aluminum 
Chromium 
Iron 
Nickel 
Zi rconi um 
U-235 
U-238 
Pu-239 
Pu-240 

Al umi num 

Chromium 
Iron 
Nickel 

Lead 

Hydrogen 
Oxygen 

U-235 
U-238 

Hydrogen 
Carbon

Number Density 
(atoms/cc)x l0-24..  

6.431 x 0-3 
2.9762 x 10
4.213 x 10"w.  
1.5216 x 10 -' 
7.7619 x 10-.  
2.0074 x 10-5 
1.9578 x 10 _; 
2.9987 x 10 -_ 
1.5018 x 10" 
4.11388 x 10 

5.901 x 10-2 

1.674 x 10.-2 
6.06 x I0" 
9.88 x 10"

3.3 x 10-2 

6.31 x 10"-2 

3.15 x 0"

1.05 x 10"-I 
4.785 x 10" 

7.57 x 10"2 
4.11 x 10"2

See Figure IX-1 for Shield Arrangement 
* Lead taken at 70 0F. For accident conditions, lead was taken 

at 8500F and a density of 10.511 g/cc(p=0.030555 x 1023 atoms/cc) 
** Water taken at 250*F

IX-ll
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Dose points for the shielding analysis were chosen and placed in accordance 
with conditions specified in 49 CFR 173Y1) discussed in Section 1.0 
previously. Dose points were placed (1) along the surface of the shield 
jacket, (2) at the fuel midplane, 3 feet off the surface, and 6 feet off 
the external surface of the personnel barrier, and (3) on the cask center
line on the surface of the Ricorad placed on the cask bottom. The surface 
dose points are shown in Figure IX-l, and the remaining dose points are 
shown in Figure IX-3.  

3.2 Primary Gamma Dose Rates 

The ANISN 2 computer code was used for calculating the primary gamma dose 
rates on the cask surface at the fuel midplane. ANISN is a one-dimensional 
multigroup code which solves the Boltzmann transport equation, including 
anisotropic scattering, by the discrete ordinate method. The ANISN code was 
developed byORNL for use in calculating flux through shield media. This 
code has been checked with several simple experiments described in Reference 
8 and 9.  

For the present analysis, the P3 - S8 approximation to the transport equation 
was used with a 40 group coupled neutron-gamma energy spectrum for all 
elements of interest obtained from information presented in References 10 
and 11. Table IX-7 defines the gamma energy spectrum (last 18 groups of the 
40 group set) for the primary gamma dose rate calculations along with the 
flux-to-dose rate conversion factors were obtained from Reference 12. These 
data are consistent with information presented in References 13 and 14.  

The dose rates along the cask surface and off the surface of the cask were 
obtained by Using the QAD-P 5 Computer program. The QAD-P 5 computer code, 
a version .of the QAD-IV computer code (Reference 15) calculates both un
collided and collided gamma (and neutron) dose rates, energy deposition 
and fluxes for a volumetric source represented by a number of point isotropic 
sources in a user specified shield configuration. For each dose point the 
straight distance and attenuation in each shield material Is calculated for 
each source point.  

The total dose is obtained by summing the contributions from each source 
point.  

The code QAD has had extensive use in industry for ,gse te calculations 
and has been shown to yield satisfactory results. to, ( # Calculation 
performed on similar shield configurations with hand methods and .other com
puter codes have shown agreement with results generated by the QAD code.  
The gamma cross sections used in the QAD code were obtained from Reference 
18, whereas the neutron removal cross sections were obtained from Reference 
19.  

The buildup factors used to calculate the ratios of uncolllded-to-collided 
dose rates were obtained from Reference 20. The general equation used for 
the buildup factor calculation is 

4 4 
B~por, E) C= ii C 1j El0] [E] J + .cij (U0rE)

IX-13



TABLE DX- 7 

GAMMA FLUX-TO-DOSE RATE CONVERSION FACTORS 

Flux-To-Dose Rate 
Particle Group* Conversion Factor 

Number Gamma Eneray, Max. MeV mr/hr/photon/cm -sec 

23 10.0 9.79199 x 10-3 

24 8.0 8.28 x 10-3 

25 6.5 6.84x 10- 3 

26 5.0 5.76x 10-3 

27 4.0 4.752 x 10-3 

28 3.0 3.96 x 10-3 

29 2.5 3.492 x 10-3 

.30 2.0 2.988x 10-3 

31 1.66 2.412 x 10-3 

32 1.33 1.908 x 10-3 

33 1.0 1.602x10-3 

34 0.8 1.26 x 10-3 

35 0.6 9.216 x 10-4 

36 0.4 6.372 x 10-4 

37 0.3 4.392 x 10-4 

38 0.2 2.376 x 10 4 

39 0.1 1.404 x 10-4 

4Q 0.05 3.024 x 10-4 

*Posjtion in 40 group coupled neutron-gamma cross section table.
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for the ranges 0 < Po r <15 and 0.5 MeV < E < 10 MeV.  

E is the energy and Uor is the optical thickness of the shield material 
traversed by the gamma photon. The coefficients Cij and correction terms 
cjj were obtained from Reference 20.  

The source and shield configuration described in Figure IX-1 and Tables 
IX-5 and IX-6 was input into the ANISN and QAD codes and dose rates 
were calculated at dose points specified in Figure IX-2..  

The QAD results were normalized to the ANISN surface calculation to 
obtain proper dose rates off the surface of the cask. The source given 
in Table IX-3 was considered to be uniformly distributed over the active 
fuel volume.  

All of the above calculations were performed assuming the source to be 
distributed uniformly throughout the fuel region. In addition, dose rates 
were determined for an axial gamma source distribution taken to be the 
same as typical 300 day burnup distribution. This is a conservative 
representation of specific power and therefore of gamma source strength 
distribution for the reference fuel conditions. The results show that the 
midplane surface, 3 foot and 6 foot dose rates will increase by about 10%, 
8% and 5% respectively for the 18% increase in peak source. These increases 
were included in the final result. The bottom dose rates would decrease 
by approximately 55%; however, no credit was taken for this decrease.  

The ANISN 2 and QAD-P5 calculations were performed using the 6 inch thick 
lead defined in Figure IX-2. However, around the cooling channels the 
gamma shielding will be reduced by approximately l/2". Additional 
calculations show that this local loss of lead shielding will increase the 
computer calculated gamma dose rates on the surface of the cask adjacent 
to the cooling channels by approximately 17%. This increase has been 
included in the final primary gamma result on the surface and conservative
ly off the surface.  

3.3 Neutron Dose Rates 

The ANISN 2 computer code was used for calculating the primary neutron 
dose rates on the cask surface at the fuel midplane. The MORSE code was 
used to calculate neutron dose rates along the cask surface at pointsI 
other than the fuel midplane. For this portion of the analysis the first.  
22 groups of the 40 group coupled set was used in conjunction with the 
source and shield configuration described in Figure IX-2, Table IX-4, 
Table IX-5, and Table IX-6 to calculate the cask surface dose rates.  
Table IX-8 defines the neutron group energy structure and corresponding 
flux-to-dose rate conversion factor data as obtained from Reference 12.  
As in the case of primary gamma, the QAD-P5 computer program was used to 
calculate the off surface neutron fall-off factors. This option uses 
neUtron removal cross sections to calculate neutron flux distributions.  

IX-15
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TABLE ,:-)- S 

qEU • '--i7x-TO-DOSE CONVERSION FACTORS 

Flux-To-Dose Rate 
Particle Group -Conversion Facto: 

Number Neutron Enerav,Max. MeV mrthr/neutron'/cm -se

1 15.0 0.208 

2 12.2 0.1656 

3 10.0 0.1476 

8.18 0.1476 

5 6.36 0.1404 

6 4.96 0.1332 

7 4.06 0.1296 

8 3.01 0.126 

9 2.46 0.126 

' 10 2.35 0.1296 

11 1.83 0.1332 

12 1.11 0.1188 

13 0.55 5.4 x 10-2 

14 0.111 6.48x 10- 3 

15 3.35 -,: 10-3 4.32 x 10-3 

16 5.83 x 10- 4  4.68x 10- 3 

17 1.01 x 10-4 4.68 x 10- 3 

18 2.90 x 1075 4.5 x 10"3 

19 1.07 x 10-5  4.32 x 10- 3 

20 3.06x 10- 6  4.14x 10-3 

21 1.12 x 10- 6  3.96 x 10- 3 

22 4.14 x 10- 7 3.78 x 10- 3
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As in the case of the primary gamma calculations, the neutron source was 
considered to be uniformly distributed throughout the cylindrical fuel 
region. The radial ANISN 2 problems used a buckling height of 12 feet.  
The x-y extrapolated buckling dimensions used in the axial calculations 
were chosen such that the fuel assembly centerline fluxes were consistent 
with the same fluxes obtained with the radial ANISN problems. This 
resulted in x-y buckling dimensions of 200 x 200 cm.  

Based on the end of life axial burnup distribution given in Figure III-] 
and the specific source strength of Figure 111-3, the axial neutron source 
distribution has a peak to average ration of 1.25. While earlier in life 
burnup distributions would have greater peak to average ratios, the 
average burnup, andtherefore total neutron source, would be considerably 
less than at end of life. The neutron source axial peaking factor of 1.25 
was conservatively applied directly to the off the side neutron dose rates.  

Hand calculations were purformed to define the neutron dose rate con
tribution off the ends from neutrons streaming through the cask cavity.  
The calculations were performed for the dry fuel assembly for (1) direct 
radiation emanating from fuel pins through the assembly interior to a 
worst point as compared to the computerized homogeneous system, (2) 
radiation scattering through the fuel assembly channels interior to the 
assembly, and (3) radiation scattering through the assembly-aluminum gap.  
The calculations were performed using equations defined in References 
13 and 21. It was calculated that the direct neutron dose rates off the 
ends should be increased by approximately 100% to account for neutron 
streaming. These results are included in the reported bottom neutron 
dose rates in Section 4.0.  

3.4 Secondary Gamma DoseRates 

The secondary capture gamma dose rates on the side and bottom surfaces 
of the NLI spent fuel rail shipping cask were obtained simultaneously 
with the primary neutron dose rate calculations using the 40 group 
coupled set in ANISN 2. Hand calculations were used to predict the 
capture gamma fall-off from the cask side and bottom surfaces. For these 
calculations the source was taken to be located near the cask outer 
shell since this was found to be a major source of secondary gauuias.  
These results are reported in Section 4.0.  

3.5 Ground Scatter 

Scattering of neutrons and gamma photons from the ground may contribute 
to an increase in the total dose rate off the cask surface. The amount 
of this contribution has been estimated for both gamma photons and neutrons 
using the NUSALB code; NUSALB is a portion of the SOSC code which was 
developed for NASA-Goddard Space Flight Center.J22) The NUSALB code 
integrates radiation scattered to a receptor by a differential area of 
the scattering material, as for example, the ground. The code determines 
angular-differential scattering according to the albedo formulae. The
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code uses empirical relationships for determining the gamma photon and 
neutron albedos. The code considers source angular emission distribution.  
The results are in good agreement with graphic data published by A.B.  
Chilton. (23) 

The dose points of interest are 3 feet above the ground, 6 feet from the 
personnel barrier and 3 feet from the cask outer surface for both normal 
and accident conditions. In normal transport conditions, the cask axis 
is 7.9 feet above ground, while in accident conditions with the cask 
lying on the ground, the axis is 3.4 feet above ground. For calculational 
purposes, except for secondary ganmas, the cask was defined as eight 
point sources spaced at 1.5 foot intervals along the cask axis each having 
12.5% of the total source strength. For secondary gammas in normal 
transport conditions (negligibly small for accident conditions), each 
of the above 8 sources is further redefined as 2 point sources of 1/2 the 
original source strength each 82.5 cm from the cask axis in the cross 
sectional plan of the single source,one located azimuthally toward the 
ground and the other parallel to the ground. The energy spectral 
distributions (normalized to I mRem/hr total) used in the ground scatter 
calculations are given in Tables IX-9 and IX-lO. These distributions 
were obtained from the primary and secondary gamma and neutron radial 
shielding analysis of the cask with water inside the cavity rather than 
the can and aluminum blocks.  

The neutron differential scattering was determined according to the 
empirical relationship of Y. T. Song(24) which was derived from an analysis 
of the Monte Carlo data of F. J. Allen.( 2 5 ) For thermal neutrons, the 
relationship of R. L. French and M. B. Wells(26) was used. The angular 
differential dose albedo for ganmna photons was obtained from the work 
of A. B. Chilton. (23) The source angular emission distribution was 
obtained by separate cask evaluations using the QAD code.  

3.6 Hypothetical Accident Conditions 

In order to show compliance with the requirements of 10 CFR 71, calculations 
similar to those described in Section 3.2 and 3.5 were performed for the 
expected post-hypothetical accident conditions of the cask. These 
conditions are loss of shield jacket water and loss of Ricorad on the 
bottom.  

Primary gamma and neutron doses at the cask side and bottom surfaces and 
3 feet off these surfaces were determined using the techniques previously 
described. The shield configuration was as described in Figure IX-2 
and Table IX-5 except that the shield jacket water was omitted for the 
radial calculations and the Ricorad was omitted for the axial calculations.  
The bottomdose points were placed on the outer surface of the cask shell.  
It was further assumed that the water jacket was left intact during the 
accident.  

The highest dose rate at the cask surface was found to be near the bottom 
of the cask. The total area where the high dose rate occurs is small.  
This localized high surface dose rate does not significantly contribute 
to the dose rate at the 3 and 6 foot off the surface maximum dose rate 
locations 
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NO% O.'_A -Di NEUTRON DOSE DISTRIBUTION

e
Group

.111 

.55 
1.11 

1.83 

2.46 

4.06 

8.18 

12.2

Nom.al

.3.12 

1.30 

2.34 

2.45 

1.48 

1.37 

7.13 

6.68

Accident

E-2* 

-2 

-1 
-i 

-1 

-1 

-2 

-3

5.90 

5.57 

2.97 

5.05 

1.97 

1.31 

2.16 

1.13

E-2 

-1 
-1 

-2 

-2 

-2 

-3 
-3

3-2 *3.12 E-2 = 3.12 x 10
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TABLE IX-10 

N O.- T rD GA-TIMM DOSE DISTRIBUTIONS

Normi 
Drimary -

1.91 

3.43 

2.14 

2.52

0 

0

secondary v

2.05 

7.81 

3.91 

1.27 

7.48 

1.23

E-1 * 

-2 

-1 

-1 

-2 

-1

Accident 
primary y

2.18 

9.15 

2.09 

3.44 

2.00 

2.15

E-2 

-3 

-1 

-1 

-1 

-1

* 2.05 E-1 = 2.05 x 10-1

Grout

E 
max.  

(Me"V)

1 

2 

3 

4 

5 

6

10 

5 

2.5 

1.66 

1

.6
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4.0 RESULTS 

4.1 Normal Conditions of Transport 

The highest dose rate on the surface of the cask is calculated to be 60.0 

mRem/hr. The calculated dose rates off of the sides, at the fuel midplane, 

and at the ends of the cask for normal conditions are given in Table IX-11 

and are discussed below.  

The primary gamma dose rates on the fuel mldplane calculated by ANISN 2 are 

6.9 mRem/hr on the cask surface, 3.65 mRenhr 3 feet from the cask surface, 

and 2 mRem/hr 6 feet off the personnel barrier. To conservatively obtain 

the maximum dose rate, these must be increased by the appropriate amounts 

to account for the effective loss of lead shielding due to the presence 

of the cooling channels and the axial peaking of the actual source distribution.  

These factors were discussed previously and are 17% for the cooling channel 

factor, and 10%, 8%, and 5. for the axial effect at the cask surface, 3 

feet off.the cask surface, and 6 feet off the personnel barrier, respectively.  

The results are .8.88 mRem/hr on the surface, 4.61 mRem/hr 3 feet off the 

surface, and 2.46 mRem/hr,6 feet off the personnel barrier.  

The ground scatter calculations described in Section 3.5 yield back 
scatter dose factors of 0.0112 for primary photons, 0.00891 for secondary 
photons, and 0.235 for neutrons at the distance of 3 feet from the cask 
side. At a distance of 6 feet from the cask, the back scatter dose 
factors are 0.0247 for primary photons, 0.0211 for secondary photons and 
0.404 for neutrons, Applying these factors (0.01 and 0.023 were used at 
the two dose points for total gamma instead of the individual factors 
for primary and secondary gama) to the dose described above yield total 
ground scattered gamma dose ratds of 0.1 and 0.11 mRem/hr at 3 and 6 
feet off the cask, and total ground scattered neutron dose rates of 0.19 
and 0.18 mRem/hr at 3 and 6 feet off the cask, respectively.  

Adding all the components gives combined dose rates on the midplane of 
the fuel of 38.2 mRem/hr on the cask surface, 11.0 mRem/hr 3 feet from 
the cask surface, and 5.48 mRem/hr 6 feet from the cask personnel barrier.  
Table IX-12 summarizes the detailed-derivation of the 6 foot dose rate.  

Off the bottom the gamma dose rates are 19.7, 11.0, and 0.75 mRem/hr on 
the Ricorad surface, 3 feet off the surface, and 6 feet off the personnel 
barrier, respectively. The above numbers are based on a uniform axial 
source distribution. If the actual axial source distribution was 
utilized, the dose off of the bottom would decrease by about a factor of 
2.  

Including a 100% increase for streaming, the neutron dose rates off the 
bottom would be 13.10, 6.75, and 0.46 mRem/hr on the Ricorad surface, 
3 feet off the Ricorad surface, and 6 feet off the personnel barrier, 
respectively.  

The results of the secondary gamma dose rate calculations yield bottom 
dose rates of 4.45, 2.48, and 0.17 mRem/hr on the Ricorad surface, 3 
feet off the Ricorad surface, and 6 feet off the personnel barrier, 
respectively. Ground scatter off of the ends was not directly calculated.  
A conservative estimate was made, however, by applying the back scatter 
factors off the side to the direct uncorrected gamma and neutron dose 
rates at the point of interest. The results are given in Table IX-11.
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TABLE IX-1I 

NLI 10/24 RAIL CASK MAXIMUM DOSE RATES 
(Normal Conditions of Transport) 

mRem/hr 

Fuel Midplan. __.. Off Blottom Ott Axi•hl (w.(.irJ~It 
6 Foot Off (i h,11 OCf( 

Ca.,k 3' Off Cask Cask Personnel Cask 3' Off C•.•l: Cn.I;k lltar;tmiiIm 
Source Category Surface Surface Barrier Surface Sulic 'l.L;IIc, 

Primary Gamma 8.88 4.61 2.46 19.7 11.00 0,75 

Neutron 1.52 0,8 0.44 13.1 6.75 U. 46i 

SSecondary Gamma 27.8 5.32 2.29 4.45 2.48 0.17 
N 

Ground Scatter Gamma 0.1 0.11 ]. 0.14 0.02 

Ground Scatter Neutron -- 0.19 0.18 -- 0.79 0.19 

Total Gamma 36.7 10.0 4.86 24.2 13.6 0.94 

Total Neutron 1.5 1.0 0.62 13.1 7.54 0.65 

Total 38.2 11.0 5.48 37,3 21.1 1.59 

co
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TABLE VC- 12 

D'ZIAILED DERIVATION OF DOSE RATES 

FUEL Z IDP.L.AE 6 FEET FROM PERSONNEL BARRIER 
(normal conditions of transport) 

Dose Rate 

Percent Correction mRem/hr 

Primary Gamma 

Base Calculated Value 2.00 

Channel Correction Factor 17% 

Aiia! Peaking CorrectIon 5% 

"Total 23% 2.46 

Primarv Neutron 

Base Calculated Value "0.35 

Axial Peak Correction 25% 

Total 25% 0.44 

Secondary Gamma 2.29 

Ground Scatter Gamma 

Direct Gamma Dose 4.75 

Back Scatter 2.3% 0.11 

Ground.Scatter Neutron 

Direct Neutron Dose 0.44 0.18 

Back Scatter 40.4% 

Total 5.48
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The total fuel centerline bottom dose rates on the Ricorad surface, 

3 feet off the Ricorad surface, and 6 feet off the Ricorad surface are 

37.3, 21.1, and 1.59 mRem/hr, respectively.  

Considering the relative amounts of shield materials and the source to 

shield distances, the dose rates off the top of the cask are estimated 
to be approximately two thirds of the dose rates off the bottom of the.  

cask for normal conditions. For accident conditions, the top dose rates 

would be an even smaller fraction of those off the bottom. Because the 

top dose rates are always less than the bottom dose rates, no detailed 
analysis of the top is necessary to show compliance with the regulations.  

4.2 Hypothetical Accident Conditions 

The results of the shielding analysis for post-hypothetical accident 
conditions are summarized in Table IX-13. The primary gamma dose rates 
off the side of the cask are 46.6 mRem/hr on the surface and 24.1 mRem/hr 
three feet off of the surface, including a 17% increase for the channel 
factor and an axial .peaking increase of 10% and 8% at the shield tank 
surface and 3 feet off the surface, respectively.  

The neutron dose rates increase significantly because of the assumed 
loss of all water. The ANISN results are 1019 and 529 mRem/hr at the 
surface and three feet from the surfacerespectively. Each of these are 
conservatively increased by 25 % due to axial peaking of the neutron 
source. The secondary gamma dose rate is 1.68 mRem/hr on the surface 
and 0.88 mRem/hr at three feet.  

The ground scatter calculations yielded back scatter factors of 0.0128 
for gammas and 0.182 for neutrons. These were applied to the direct 
3 foot dose rates given above.  

Adding all the components yieldsa maximum dose rate 3 feet off of the 
surface of 650 mRem/hr. The detailed derivation of this number is 
summarized in Table IX-14.  

Comparison of dose rates in Table IX-l and of Table IX-13 3 feet off 
the cask side shows that the total dose rate will increase by a factor 
of 59 under accident conditions.  

The primary gamma and neutron doses off the bottom are given in Table 
IX-13. These were obtained in a manner similar to these for normal 
shipping conditions except that the accident dose rates were obtained 
at 3 feet off the surface with the Ricorad removed from the cask.  

The maximum dose rate three feet from the cask surface is seen to be 
off the cask bottom. This result is less than the 10 CFR 71 limit of 
1000 mRem/hr.  

Comparison of dose rates in Table IX-11 and IX-13 shows that after the 
accident the total dose rates 3 feet off the cask surface will increase 
by a factor of 59 at the midplane and 42 off the bottom. While the end 
dose rate after the accident is greater than at the midplane, the accident 
to normal ratio is greatest at the midplane.  
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TABLE IX-13 

NLI 10/24 RAIL CASK MAXIMUM DOSE RATES 
(Hypothetical Accident Conditions) 

mRem/hr 

Fue Midplane Off Bottom On Axial Centerlln, 
Cask 3' Off Cask Cask 3' O[[ Cauk 

Source Category..urface e Surface Surface 

Primary Gamma 46.6 24.1 40.5 23.6 

Neutron 1019 529. 1900 720 

Secondary Gamma 1.60 0.80 3.7 2.14 

Ground Scatter Gamma 0.32 0.33 

Ground Scatter Neutron -- 963 132.5 

Total Gamma 48.3 25 44 26.1 

Total Neutron 1019 625 1900 861 

Total 1067 650 1944 887
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TABLE IX-14 

DETAILED DERIVATION OF DOSE RATE 
FUEL MIDPLANE 3 FEET FROM SURFACE 
(Hypothetical Accident Conditions)

Primary Gamma 

Base Calculated Value 

Channel Correction Factor 

Axial Peaking Factor 

Total 

Primary Neutron 

Base Calculate Value 

Axial Peaking Correction 

Total 

Secondary Gamma 

Ground Scatter Gamma 

Direct Gamma Dose 

Back Scatter 

Ground Scatter Neutron 

Direct Neutron Dose 

Back Scatter 

Total

Base Value or 
Percent Correction 

19.1 

17% 

8% 

26%

423 

25% 

25%

25 

1.28% 

529 

18.2%

IX-26

Dose Rate 
mRem/hr 

24.1

529 

0.88 

0.32 

96.3

650
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Section IX 

Appendix A 

Effects of Internal Water 
Jacket Fins on 

Shielding 

The change in neutron shielding effectiveness due to the addition of 

steel fins inside the neutron water jacket can be shown by comparing 

ST's (macroscopic cross section X shield thickness) as a function 

of energy: 

Without Fins With Fins 
E (mev) (9"1 291 .(.S H 290 ÷ dF-.  

0.026 29.5 16.8 

1 18.1 12.1 

2 5.7 5.8 

4 4.3 5.6 

8 2.5 4.4 

10 2.3 3.9 

It can be seen that the attenuation with steel fins will be reduced 

appreciably at about 0.026 mev (due to the negative spike in the cross 

section vs. energy curve for steel at this energy) but the total atten

uation at 0.026 mev will still be relatively high. There will be some 

"streaming' at this energy in steel, but this will be outweighed by the 

increased effectiveness of steel at energies above 2 mev, where the 

relative biological effectiveness is much greater. The steel will also 

provide better gamma protection than an equivalent thickness of water.

DC-A1
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SECTION IX 

APPENDIX B 

LOSS OF SHIELDING THICKNESS EFFECT 

In Section XIV, paragraph 3. 1, it is stated that a loss of 5% in shielding 

thickness over an area of less than 25% of the surface is considered 

acceptable.  

Consider a case with a 5% shielding thickness loss over 100% of the 

lead surface area. A 5% loss for a 6 inch thick shield is 0.3 inch (0.762 

cm) and virtually all of the primary gamma spectra is between 0.5 and 

2.0 mev (See Table IX-3). The attenuation factors as a function of energy 

will be: 

Attenuation 

.E(mev) u(cm-. x(cm) - eUX 

0.5 1.8 .762 1.372 3.94 

1.0 0.78 .762 0.595 1.82 

1.5 0.58 .762 0.442 1.56 

2.0 0.52 .762 0.396 1.49 

Avg. = 2.2 

A conservative estimate of the overall attenuation factor provided by 

0.3" of Pb is to use the average attenuation (2.2) for an energy span 

of 0.5 to 2.0 mev. This is conservative because very little of the 

primary gamma with an energy as low as 0.5 mev will penetrate the 

shield. The average loss of attenuation would increase the primary
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gamma dose rate six (6) feet off the cask personnel barrier (See Table 

IX-1I) to 5.41 mrem/hr and the total to 8.43 mrem/hr which is still 

under the 10 mrem/hr limit. This estimate was based on a 0.3" shield

ing loss over the entire lead surface area. For only a 25% area, the 

effects should be appreciably less.
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1.0 INTRODUCTION 

This section describes the criticality safety analysis performed for the 

NLI 10/24 spent fuel shipping cask designed for rail transport. The cask 

accommodates up to 10 PWR fuel assemblies or 24 BWR fuel assembliese 

Criticality control Is maintained through the use of Ag-In-Cd poison.  

The NLI 10/24 cask is designed to ship the wide variety of LWR fuel types 

which have been designed over the years. This section presents a detailed 

study of the most reactive type and configuration for both PWR and BWR 

fuels. This is accomplished by using 2x2 fuel assembly calculation models 

which closely resemble a portion of the PWR and BWR baskets. Using this 

model variations in rod size, array sLxe, rod pitch, enrichment and total 

uranium loading are studied. Using the most reactive fuel type and fuel 

configurations, the reac-tivity of 'he full cask with PWR and BWR fuel Is 

determined. These reactivity studies were carried out at Oak Ridge National 
1 

Laboratory (ORNL) using the ORNL version of AMPX and the 123 group 

2 
GAM-THERMOS cross sections.  

The exhibits found in Appendix A of this section show the output from 

selected cases studied including the final cask calculations.

X-1
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2.0 SUMMARY AND CONCLUSIONS 

An extensive investigation of the most reactive type and configuration 

and loading of PWR and BWR fuels was made. The analysis was made using a 

relatively simple KENO model which allowed discrete representations of 

each fuel rod. The KENO reflective boundary condition option allowed the 

simulation of a 2x2 array of fuel assemblies in a geometry which closely 

resembles the full basket. From these analyses the following conclusions 

were drawn: 

(1) The most reactive configuration for the fuel assemblies is the 

uniform distribution of the fuel rods in the fuel cavity.  

(2) No statistical difference could be seen in the reactivity of 

the 14x14, 15x15, 16x16 and 17x17 type PWR fuels or the 7x7 

and 8x8 BWR-fuels when they were assumed to be in their most 

reactive configuration.  

(3) The reactivity of the fuel assemblies increased as the total 

uranium loading was increased. No peak in reactivity is found 

as the total uranium loading in the fuel rods is Increased 

to 100% of the theoretical density of UO 2 

The KENO calculations were made for the full cask with the PWR and BWR 

baskets loaded with the most reactive of the respective fuel assemblies 

in the most reactive configurations. These calculations along with the 

2x2 fuel assembly calculations show that fuels of the following type and 

range of parameters can be safely shipped in the NLI 10/24 spent fuel 

shipping cask:

X-2
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Fuel Form 

Cladding Material 

Maximum initial 
U content/assembly, Kg 

Maximum initial 
U-235 enrichment, w/o 

Maximum bundle 
cross section, inches 

Fuel pin array 
types 

Maximum active 
fuel length, inches

PWR 

Clad U0 2 Pellets 

Zr or SS 

475 

3.5 

9.0 

14x14/15x15 

144

BWR 

Clad UO 2 Pellets 

Zr or SS 

200 

2.8 

5.75 

7x7/8x8 

144

3.0 MOST REACTIVE.FUEL AND FUEL CONFIGURATION 

Both the PWR and BWR baskets use the Ag-In-Cd (80-15-5w/%) neutron poison 

to control reactivity. The silver and indium have strong resonance absorp

tion cross sections. It was felt that the determination of the most reac

tive fuel and fuel configuration might be dependent on the neutron spectrum.  

To avoid uncertainty In this regard, the determination of the most reactive 

fuel and fuel configuration was made using 2x2 fuel assembly models with 

geometry that is similar to that of the BWR and PWR baskets. The calcu

.3 
lations were performed with the KENO IV code using the 123 group GAM-THERMOS 

cross sections. Each fuel rod is modeled discretely in the models.  

The 14x14, 15x15, 16x16 and 17xl7 type PWR fuel rod arrays are examined

X-3
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as are the 7x7 and 8x8 type BWR fuel rod arrays. The fuel rod spacing is 

varied from the typical "as built" pitch to a pitch that allows the rods 

to fill the fuel cavity uniformly. The effect of total uranium loading 

is also examined as is the case of uniform loading of all rods in the 

arrays compared to actual fuel assemblies where several of the rods in 

the array are empty.  

3.1 The 2x2 Fuel Assemblý Calculation Model 

3.1.1 Cross Sections 

The NITAWL module from AMPX was used to prepare the 123 group GAM-THERMOS 

cross sections. For the cases where the fuel was homogenized both the 

NITAWL and XSDRNPM modules were used.  

3.1.2 PWR Geometry 

The geometry for the PWR 2x2 fuel assembly model is shown in Figure X-1.  

The cavity size and Ag-In-Cd poison have the same dimensions as in the 

full PWR basket. The aluminum, steel, lead and water are sized and placed 

to create a model with geometry similar to that of full PWR basket.  

Only one fuel cavity is actually modeled. The reflective boundary condition 

on the two sides of the cavity give the effect of a full 2x2 fuel assembly 

model. The fuel itself is modeled discretely using the KENO "mixed box" 

geometry option. The detail for a single rod is shown in Figure X-2. To 

obtain the full fuel assembly model the "mixed box" array size is specified 

to be that of the actual fuel (17x17 for instance.) In the case where a

X-4



Rev. 4 9/75

fuel assembly with holes is simulated the box type for the hole is water 

only. An example of the KENO geometry output for a 2x2 PWR case Is found 

in Appendix A.  

3.1.3 BWR Geometry 

The geometry for the BWR 2x2 fuel assembly model is shown in Figure X-3.  

The cavity size for this model is the same as In the full BWR basket.  

The Ag-In-Cd, aluminum, steel, lead and water are sized and placed to 

create a model with:geometry similar to that of the full BWR basket. As 

in the PWR model, only one cavity is actually modeled. and the reflective 

boundary conditions generate the 2x2 fuel model. The individual BWR rods 

are modeled discretely as shown in Figure X-2. As In the FWR model the 

full fuel assembly is generated by specifying a 7x7 or 8x8 array of the 

rods In the." mixed box" geometry. In the case where* the hole In the center 

region of the 8x8 is simulated the boxes are generated with water only.  

The KENO geometry output for a 2x2 BWR case is found in Appendix A.

X-5
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$1 xed Box Geometry for 17xl7 Fuel Rod

All dimensions in inches

Mixed Box Geometry for 8x8 Fuel Rod

Figure X-2 Example of Box Types for PWR and BWR Fuel 
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3.2 Fuels ConSidered 

The PWR type reactor vendors have to date manufactured four basic types of 

fuel assemblies. Table X-1 gives fuel descriptions for several typical 

assemblies. This table only lists data for several representative fuels 

and is in no way complete. Within each array type the fuel geometry varies 

only slightly. Fuels of the same array type often vary slightly "in their 

total loading of uranium. This is mainly due to differences in the density 

of U02 * It would not be pratical to perform reactivity calculations for 

every type and modification of fuel assembly that has been manufactured.  

Instead, the following typical PWR rod sizes and UO 2 pellet sizes were 

chosen: 

Array Type Pellet O.D. Rod O.D.  

inches inches 

14x14 .379 .44 

15x15 .370 .422 

16x16 .325 .382 

17x17 .324 .374 

The BWR type reactor vendors have developed two basic fuel types. Table 

X-2 gives a fuel description for these fuels. As with the FWR fuels, BWR 

fuels have slight variations within each array type. The typical BWR rod 

size and UO 2 pellet size chosen for analysis are: 

Array Type Pellet O.D., Rod O.D., 
inches inches 

- 7x7 .478 .563 

8x8 .416 .493

X-9



TABLE X-1 Typical PWR Fuel Properties

WEST 

15x15 

144 

465.6 

3.5 

16.30 

3.233 

0.563 

0.422 

0.0243

K
1.

WEST 

17x17.  

144 

468.4 

3.5 

16.39 

3.253 

0.496 

0.374 

0.0225

Q

B&w 

15x15 

141 

475 

3.23 

15.34 

3,369 

0.568 

0.430 

0.0265

17xl7 

141 

475 

3.49 

16.577 

.3.369 

0.502 

0.379 

0..0235

Comb. Eno.  

14x14 

136.7 

395 

3.0 

11.85 

2.827 

0.580 

0.440 

0.026

Comb, Engc, 

16x16 

150 

438 

3.5 

15.33 

2.92 

0.5063 

0.382 

0.025

C

-0

CD 

a-.  

CD 
N 
-.4 
cn

Array 

Active Fuel Length (in.) 

Kg-U/Assy 

ENRICH. (U-235,%) 

Kg - U - 235/ASSY 

Kg-U/inch rod length 

PITCH (in.) 

ROD O.D. (in.) 

CLAD. Thick (in.)
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All the calculations Wire performed for zircalloy clad fuel. Stainless 

steel cladding of the fuel rods would make any given fuel assembly less 

reactive than one which was zircalloy clad because of stainless steel's 

significantly higher neutron absorption cross section.  

3.3 Results of the 2x2 Fuel Assembly Model Calculations 

The results of 12 BWR and 20 PWR calculations using the 2x2 fuel assembly 

models are shown in Tables X-3 and X-4 respectively. From these cases the 

conclusions are drawn about the most reactive fuel rod configuration, the 

effect of uranium loading, and the validity of the fuel homogenization 

techniques. The discussion which follows will take specific cases from 

Tables X-3 and X-4., The text will summarize the Important aspects of the 

calculations. The more complete description of the calculations is found 

In the two tables. Portions of the AMPX output are displayed in Exhibits 1 & 2 

of AppendixA for case No. 18 and 31 respectively.  

3.3.1 Most Reactive Type of PWR Fuel 

The 16x16 and 14x14 rod array fuel assemblies with uniform fuel loading 

in each rod were found to be most reactive when the fuel rods were expanded 

to fill the fuel cavity. This can be seen by examining cases 12-14 from 

Table X-3 for the 16x16 fuel and cases 16-18 for the 14x14 fuel. The 

15x15 fuel was examined only at the fully expanded fuel condition and was 

assumed to follow the pattern of the fuel types which bracket it.
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Typical BWR Fuel Properties (G.E.) 

7x7 8x8 

144 144 

197 197 

2.5 3.0 

4.925 6.304 

1.368 1.368 

.738 .640 

.563 .493 

.037 .034 

0.470 0.416

Q

X,,.  
I-a 
b3

Q

a'

CA) 

La 
N 
U'

C

TABLE X-2 

Array 

Active Fuel Length (In.) 

Kg-U/ASSY 

ENRICH (U-235, %) 

Kg-U-235/ASSY 

Kg-U/Inch rod length 

PITCH (in.) 

ROD O.D. (in.) 

CLAD Thick (In.) 

Pellet O.D.



C

Rod Rod Uniform Discrete Loadino Pellet Rod Enrichment H/U K Array Pitch, in. • Spacing Rod KqU/Assem 0.0. O.0. %U-235 eff 
G. M-try in. In.

513 .324 .374 3.5 1.72 .948 

513 .324 .374 3.5 1.88 .981 

513 .324 .374 3.5 2.03 .971 

461 .324 .374 3.5 1.72 .933 

461 .324 .374 3.5 1.88 .949 

461 .324 .374 3.5 2.03 .958 

487 .324 .374 3.5 2.03 .975 

538, .324 .374 3.5 2.03 .986 

436 .324 .374 3.5 2.03 .944 

513 .324 .374 3.5 1.65 .981 

513 .324 .374 3.5 1.88 .982 

513 .325 .382 3.5 1.71 .922 

513* .325 .382 3.5 2.04 .9S6 

513 .325 .382 3.5 2.39 .991 

513 .370 .422 3.5 2.01 .990 

613 .379 .440 3.5 1.63 .909 

513 .379 .440 3.5 1.94 .964 

$13 .379 .440 3.5 2.28 .99S 

513 .379 .440 3.5 .997 

513 .379 .440 3.5 2.28 1.002

.006 

4006 
.M05 

.005 

.007 

.005 

.006 

.005 
AOS 

.005 .006 

.005 

.005 .006 

.00S 
AOS 

.009 

.007 

.007 

.A0S 

.006

NOTES 
1. All fuel parameters same as case 2 except for loading per rod.  
2. All fuel parameters same as case 2.  
3. All fuel parameters same as case 19.'

1 

2 

3 

4 
S 

6 

7 

a 

9 

10 
11 

13 

14 

15 

16 

17 

18 

19 

20

TABLE X-3 Summary of 2x2 PWR Assembly Calculations

Case 
No.

C

t10* Cernats

As fabricated rod pitch 

Full uniform expansion rods 
In cavity 

Reduced Loadina of U 

Reduced Loading of U 

Reduced Loading of U 

Reduced Loading of U 

Increased Loading of U 

ReduCed Loading of U 

Simulate 89W fuel including 
empty rMds (see note 1) "Homogenized fuel (see note 2) 

As fabricated rod pitch 

Full Uniform exoanstionof 
rods in cavity 

Full uniform expansion of 
rods In cavity 

As fabricated rod pitch 

Full uniform expansion of 
rods in cavity 

Rods spaced so outer raw 
touch cavity liner 

Homogenized fuel (see note 3) , 

C,,

17x17 

17x17 

17017 

17x17 

17x17 

17i17 

17*17 
17xl 7 

17017 

17x17 

17x17 

16x16 

16x06 

16016 

15015 

14014 

14M14 

14214 

14*14 

14*14

.502 

.5144 

.5268 

.5020 

.6144 

.5268 

.5268 

.5268 

.4268 

.5144 

.5063 

.5330 

.5597 

.5971 

.580 

.6099 

.6397 

.65I5

yes 

yes 

yes 

yes 

"yes 
yes 

yes 

yes 

yes 
no 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

yes

yes 

yes 

yes 

yes 

yes 

1" 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

no

P.I

tler Cntwents



TABLE X-4 Sumnaryvof 2x2 BUER Assembly Calculations

Case No.

21 

22 

23 

24 

25 

26 

> 27 

I 28 

29 

30 

31 

32

Rod Rod 
Array 00, in.

70 .563 

7x7 .563 

7x7 .563 

7x7 .563 

7x7 .563 

7x7 .563 

7x7 .563 

7x7 .563 

8x8 .493 

8x8 .493 

8x8 .493 

8x8 .493

Pellet Rod Assembly Enrichment H/U Uniform 
OD. in. Pitch Loading %U-235 Spacing 

in. KgU 
Assembly 

.478 .7380 197 3.0 1.65 yes 

.478 .7815 197 3.0 2.02 yes 

.478 .8250 197 3.0 2.41 yes 

.478 .8250 197 2.65 2.41 yes 

.478 .8250 197 . 2.75 2.41 yes 

.478 .8250 197 2.85 2.41 yes 

.478 .8250 197 3.0 2.41 yes 

.478. .8250 197 3.3 2.41 yes 

.416 .6400 197 - 3.0 1.61 yes 

.416 .6809 197 3.0 2.01 yes 

.416 .7219 197 3.0 2.43 yes 

.416 .7219 197 3,0 2.43 no

Discrete 
Rod 

Geometry

yes 

yes 

yes 

yes 

yes 

yes 

Yes 

yes 

yes 

yes 

yes 

yes

Keff tlo-

.827 .009 

.856 .008 

.892 .007 

.851 .006 

.856 .009 

.884 .005 

.894 .006 

.914 .006 

.827 .008 

.884 .008 

.893 .009 

.868 .009

Coc, ents

As Fabricated 

Full Expansion of 
Rods 

As Fabricated 

Full Expansion of 
Rods 

w center hole

w 
4: 

N 
-4 
Cu

Q (.L_
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At full expansion of the 14x14, 15x15 and 16x16 fuel with equal loading 

and enrichment there is no significant difference in the calculated Keff 

values.

Array Type 

16x16 

1Sx15 

14x14

Keff ±0+ 

0.991 + .006 

0.990 + .005 

0.995 + .007

The Keff of 14x14, 15x15 and 16x16 fuel increases significantly from the 

as fabricated geometry to one which fills the fuel channel. This is exem

plified by the 14x14 array fuel where loading and enrichment are equal: 

Case No. Fuel Array Pin Pitch Kff + 1 

16 14x14 .58 (as fab- .909 + .009 
ricated)

17 14x14 .61 .964+ 

18 14x14 .64 (fully .995± 
expanded) 

The 17x17 rod array fuel does not show this marked increase in Keff for 

rchannes in rod Ditch. For a uranium loading of 513 KgU/assembly and

* .007 

*..009

3.5% enrichment the values are: 

Case No. Fuel Array

1 

2 

3

17x17

17x17 

17x17

Pin Pitch 

.502 (as fab
ricated)

Keff t_ 10' 

.948 + .006

.5144 .981 + .006 

.5268 (fully .971 + .005 
expanded)
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At a lower fuel loading (461 KgU/assembly) and otherwise under the same 

conditions as the previous cases the Keff also changes slightly as the pitch 

is expanded, however, the highest Keff is now at the fully expanded rod 

pitch: 

Case No. Fuel Array Rod Pitch Keff 1 10' 

4 17x17 .502 .933 + .005 

5 17x17 .5144 .949 + .007 

6 17x17 .5268 .958 + .005 

All four rod arrays from 14x14 to 17x17 examined at their most reactive 

rod pitch and at equivalent loading and enrichment, show that no statistical 

Inferences concerning the most reactive type can be drawn. There is a 

A., suggestion that the 17x17 fuel in Its most reactive configuration may be 

slightly less reactive than the other array types.  

Case No. Array Type Keff ± 10' 

2 17x17 .981 + .006 

14 16x16 .991 + .006 

15 1Sx15 .990 + .005 

18 14x14 .995 + .007 

3.3.2 Effect of Non Uniform PWR Fuel Rod Distribution 

All the PWR fuel assemblies currently manufactured are not uniformly fueled 

from rod to rod. The assemblies have a number of unfueled and empty rods 

which are used for control rods, burnable poison rods, instrumentation, 

or are left empty during irradiation. In the shipping configuration these 

rods are empty. This configuration represents an off optimum or possibly an 

equivalent reactivity situation for a given amount of uranium contained in
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low enriched rods which are in a confined geometry. This statment is 

backed up by a number of experiments performed by Libby Johnson at ORNL.  

Unfortunately these experiments are to date unpublished. Two calculations 

for 17x17 fuel arrays, one with uniform loading of uranium and one with the 

configuration similar to B&W 17x17 fuel were performed to illustrate this: 

Case No. Array Loading Keff+ 10' 

2 17x17 Uniform in .981 + .006 
each rod 

10 17x17 Per B&W .981 + .005 

These cases indicate no statistical difference between uniform and non

uniform distribution of the fuel rods in the PWR fuel cavity.  

Another case of non uniform distribution of fuel rods in a fuel cavity can 

C occur if the outer row of rods is allowed to touch the fuel cavity wall.  

This allows a higher H/U ratio for the inner rods of the fuel assembly 

but lowers the H/U for the outer rods. To examine this condition the 

following two cases were run: 

Case No. Array Rod Pitch Kff + 10 

18 14x14 .64 (Uniform ex .995 + .007 
pansion of 
rods in 
cavity) 

19 14x14 .655 (rods .997 + .005 
spaced so 
outer row 
touch cavity 
liner 

These cases indicate no statistical difference In reactivity of the two rod 

pitches.
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It is concluded that the uniform distribution of fuel rod in the fuel 

cavities is at least as reactive as any other feasible fuel rod distribution.  

3.3.3 Effect of Total Uranium Loading on Reactivity 

A series of calculations were made where the total uranium loading of the 

17x17 type PWR fuel assembly was varied. The fuel assembly rods were 

expanded to fill the fuel channel for these calculations. The results are 

as follows: 

Case No. U Loading Koff +± 1( 
KqU/a ssembly 

9 436 .944 + .005 

6 461 .958 + .005 

7 487 .975 + .005 

2 513 .971 + .006 

8 .538 .986 + .005 

The calculations indicate that at the higher fuel loadings the reactivity 

changes very little with increase in total uranium. As the total uranium 

is lowered the reactivity begins to drop off. This is due mainly to the 

decrease in total U-235 in the assembly. The calculations show no indi

cation of a peaking of the reactivity at a low uranium loading. It is 

assumed that the behaviour of the BWR fuel Is the same as the PWR fuel 

because the rod size and pitch, relative rod U loading and H/U ratios are 

very simlar.  

303.4 M•ost Reactive Type of BWR Fuel Assembly 

The most reactive geometry for the 7x7 and 8x8 type BWR fuel was found 

when the fuel rods are spaced so they uniformly fill the fuel channel
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region. This can be clearly seen by examining cases 21 to 23 shown in 

Tables X-4 for the 7x7 type fuel and cases 30 to 32 for the 8x8 type fuel.  

No significant difference in reactivity was calculated between the 7x7 

and 8x8 type fuels when they are in their most reactive geometry.  

Case No. Rod Keff ± 1i( 

23 7x7 .892 + .007 

31 8x8 .893 + .009 

3.3.5 Calculation for Actual 8x8 Fuel Geometry' 

The as manufactured 8x8 rod array BWR fuel has an instrument hole in the 

center of the assembly. A calculation was made to assure that this non 

uniform rod spacing is no more reactive than a uniform spacing case where 

all other parameters (loading, enrichment, etc.) are the same.  

Case No.. Fuel Keff ± 1 O' 
Case o. "G66metry 

31 Uniform rod spacing .893 + .009 

32 As Built with instrument .878 + .009 

hole 

3.3.6 Validity of Fuel Homogenization 

The calculations for the full cask are too complicated to give a discrete 

rod by rod description of the fuel. The fuel regions must be homogenized.  

The cross sections for the homogenized fuel region are generated by the 

XSDRNPM module of AMPX. To test the validity of this procedure, two 

homogenized cases were run with the 2x2 PWR fuel assembly model to directly 

compare with cases where the fuel rods were modeled discretely.
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Case No. Fuel Description Rod Array Rod Pitch Keff ± 1(• 

2 discrete rod 17x17 .5144 .981 + .006'

11 homogenized 17x17 .5144 .982 + .006 

18 discrete rod 14x14 .6397 .995 + .007 

20 homogenized 14x14 .6551 1.002 + .006 

These cases show the homogenized calculations with cross sections produced 

by XSDRNPM give essentially the same results as the calculations where the 

fuel rods are discretely modeled.

3.3.7 

The following 

(1)

4 .

(2) 

(3) 

(4)

Conclusions from 2x2 Calculations

conclusions can be drawn from the 2x2 fuel assembly calculations: 

The most reactive configuration for the FWR and BWR assemblies 

can be assumed to be uniform distribution of the fuel rods 

which are, at a rMd pitch that fills the fuel cavity.  

The BWR fuel assemblies with 8x8 and 7x7 rod arrays having equal 

loading and enrichment are equivalent in reactivity when the 

assemblies are in their most reactive configuration.  

The PWR fuel assemblies with 14x14, 15x15, 16x16, and 17x17 

rod arrays having equal loading and enrichment are equivalent In 

reactivity when the assemblies are in their most reactive con

figuration.  

The reactivity of the fuel assemblies increases as the total 

loading of uranium increases. No peak in reactivity is found 

as the total uranium content in the fuel rods Is increased to 

the theoretical density of .UO2 .V 
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4.0 CASK ANALYSIS 

The cask with both BWR and PWR baskets was, analyzed using the KENO TV and 

AMPX codes along with the GAM-THERMos croao a:cnon sets. Three PWR and 

two BWR calculations were made. Exhibits 3 and 4 of Appendix A show the 

AMPX/KENO IV input and relevant output for the final calculations.  

4.1 Preliminary PWR Calculations 

The cask and the PWR basket were modeled using the KENO "mixed box" geometry 

o!ption. Figure X-4 shows the calculation model for the cask wLth a pre

liminary design for the PWR basket. Figure X-5 shows details of several 

typical box types for this model.  

Two calculations were performed with this model to determine if there is any 

significant difference between the 17x17 and 14x14 rod array type fuels.  

The fuel region cross sections are homogenized using XSDRNPM module of 

AMPX. The fuel is zircalloy clad 3.5% U-235. The fuel rods are assumed 

to be uniformly spread. The results of the calculations are: 

Fuel Type Keff ± 10' Loading (KgU) 

14x14 0.936 + .006 475 

17x17 0.943 + .005 513 

No statistical difference in reactivity can be Inferred from these calcu

lations.  

4.2 Final PWR Calculations 

The general aspects of the KENO model for the cask with the final PWR basket

X-21
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configuration is shown in Figure X-6. Figure X-7 shows details of several 

typical Box types for this model. Figure X-8 shows the details of the 

Ag-In-Cd poison sleeve. The final calculation for the cask with the PWR 

basket was made for 17xl7 type fuel with an enrichment of 3.5% and a total 

uranium content of 513 XgU/assembly. Again the fuel rods are assumed to 

be spread to uniformly fill the fuel cavity. The complete details of the 

model are found in Exhibit 3 of Appendix A. Included in Exhibit 3 are 

the NITAWL resonance and self shielding calculations, the XSDRNPM cross 

section preparation for the homogenized fuel, and the complete details of 

the KENO IV calculation.  

The calculated K eff was 0.946 + .005. Since the final PWR basket design 

incorporates only minor changes in basket geometry It was expected that 

little or no change would occur in Keff.
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4.3 BWR Calculations 

The cask with the BWR basket is modeled with the KENO generalized geometry 

option. Figure X-9 shows the calculation model. Figure X-10 gives a more 

detailed description of the stainless steel clad Ag-In-Cd poison fuel sleeves.  

The calculation was performed for the 8x8 rod array of fuel at 2.8% enrichment.  

The total uranium loading was 200 KgU/assembly. The, fuel regions were 

homogenized and the cross sections were produced using the XSDRNPM module 

of AMPX. The results of the calculations (exhibit 4, Appendix A) are: 

Enrichment Keff ± 1 (1 
%U-235 

2.8 .953 + .005 

4.4 An Infinite Array of UndamaQed Casks 

To conservatively determine the effect on cask reactivity of placing two 

identical undamaged casks adjacent to one another, thc change in cask 

reactivity resulting from a change in outer surface boundary conditions from 

no reflection to full reflection was determined. These calculations were 

carried out with the ANISN code in place of the KENO code, because KENO is 

not an efficient tool to determine small reactivity changes due to changes 

in reflector conditions.  

Two ANISN4 problems on the cask were run, the first with a zero reflection 

boundary condition at the outer surface of the water filled neutron shield 

and the second with a full reflection at the outer surface. The resulting 

change in reactivity is therefore, the maximum possible effect on reactivity
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FIGURE X- 9 
2 4 -ASSEMBLY SWR FUEL CASK
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in going from one cask to a large array of casks. lianson and Roach ( cross 

sections were used for these cases. Since ANISN is a one-dimensional code, 

It was necessary to first run a unit fuel assembly cell with all square 

material regions transformed into cylinders. The ANISN cell problem- produced 

a set of flux weighted macroscopic cross sections for each material in the 

cell. This set of maxroscopic cross sections was then entered into the 

ANISN cask problem to represent a homogenized mixture of fuel, poison and 

aluminum in the cavity of the cask. Reflectors outside of this homogenized 

miture were described explicitly.  

The Pl-S8 ANISN calculations yielded a Keff Of 0.932 for the PWR fuel cask.  

with zero reflection and 0.932 for the PWR cask with full reflection.  

This Indicates that the KENO Keff for a single cask is also applicable to 

- an infinite array of the undamaged casks.  

4.5 Single Damaged Cask 

The cask is designed so that the only effect of the hypothetical accident 

conditions as far as criticality is concerned is the potential loss of the 

external neutron shield water. The effect of varying the amount of water 

external to the cask shell has been examined with a series of ANISN 

calculations assuming the cavity is filled withwater and zero neutron 

return at the outer surface of the several different thicknesses of water 

surrounding the cask. The results of the analyses are:
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Thickness of Water ANISN 
Reflector, inch Keff 

0 0.931 

2 0.932 

91 0.932 

4.6 The Dry Fuel 

If there is no water in the Inner cavity of the cask as in the case of normal 

transport conditions, the cask reactivity would decrease substantially.  

U0 2 containing less than 5 w/0 U-235 cannot become critical If no moderating 

material is present. Transport of the dry fuel will, therefore, pose no 

criticality problem.  
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5.0 VALIDITY OF CALCULATION METHODS 

The KENO computer code has been shown to be a reliable computer program 

for performing criticality safety evaluations (6,7) of equal importance is 

the validity of the cross sections used. In this regard there is very 

little published data for low enriched fuel assemblies. ORNL has made a 

study of the 123 group ENDF/B and GAM-THERMOS cross section sets (8) 

Table X-5 gives a partial list of results from these studies. The average 

Keff for all the experiments calculated with the GAIVI-THERMOS cross sections 

was 0.992, while for the ENDF/B cross sections the average Keff was 0. 975.  

Based on these results the GAM-THERMOS cross sections were used for 

this criticality safety evaluation.
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TABLE X-5 

Results of ORNL Benchmark Calculations 

K effective

ENDF/B XSECSCa se

235 
2 per cent Green Block H/U = 195 

5 per cent U0 2 F2 Solution Sphere 

1.95 per cent 5 x 5 x 1 Array 7.2 Inch OD 
2.6 inch ID Bullets 

5 per cent rods 1.31 cm D 90 rods 
center to center spacing 3.94 cm 

5 per cent rods 1.31 cm D 69 rods 
center to center spacing 2.99 cm 

5 per cent rods 2.07 cm D 117 rods 
center to center spacing 5.20 cm 

5 per cent rods 2.49 cm D 76 rods 
center to. center spacing 5.62 cm 

5 per cent rods 0.234 cm D 49 x 50 
center to center spacing 0.5 14 cm 

5 per cent rods 0.234 cm D 39 x 39 
center to center spacing 0.845 cm

0.984 

0.979 

0.942

+ 

+ 

+

GAM XSECS

.005 

.006 

.005

0.971 + .006 

0.980 + .007

0.960 + .007

0.970 + .005 

0.985 + .006

1.008 +

1.009 

0.993 

1.008

+ 

+ 

+

.005 

.005 

.005

0.985 + .006 

0.991 + .005 

0.978 + .006 

0.968 + .006 

0.995 + .005 

0.998*+ .006.006

C

lo

K C
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APPENDIX A 

Output from AMPX/KENO 
Calculations

C.ý

X-A-1



Rev. 1 9/75

r" EXHIBIT 

PWR 14x14, 2x2 Fuel Assembly Model 

Fully Expanded Rod Pitch 
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31464-4 32933-4 142t-3 35662-4 36518-4 3V118-4 3S442*4 40116-4 41981-4 43085-4 

4443-3 45145-4 40093-4 48106-4 49228-4 5025-3 51183-4 5'115-3 53033-4 SS222-4 

51111-4 S1515-4 !d582-4 5996d1-4 5990-o4 60654-4 62441-4 4456,-4 661b1°4 68241-4 

69121-4 66121-4 1365-3 12134-4 7409-3 71895-4 03615-4 73153-4 856611-4 *4916-4 

96134-4 10055-3 10509-3 10846-3 10957-3 10981-3 1,3915-3 11011-3 11452-3 11111-3 

' -" It -3 1195-2 12044-i 1207-2 1201-2 120CB-3 12084-3 12358-3 1243-2 12539-3 

12652-3 12165-3 32819-3 13 1€C92-3 13166-3 13249-3 1335-2 13463-3 13597T3 

1349S-3 13175-3 13904-3 
CU6010 3 410144S -14.5199 14.5o19 -48.1449 12.818 -182.88 

14121-4 14461-4 1-,694-4 14142-4 14901-4 1548-3 15548-4 95306-4 14414-4 14420-4 

14664-4 15311-4 16169-4 11132-4 1d111-4 19449-4 10118-4 1V122-4 20399-4 22286-4 

23S0S-4 249•3-4 ;6316-4 21628-4 30159-4 31611-4 35034-4 36036-4 35311-4 3615"-4 

39 1,-4 4145054 44116-4 47635-4 5366-3 59231-4 59019-4 60355-4 62145-4 65683-4 

7) 68163-4 1193S-4 15211-4 111632-4"81951-4 1.261-4 811469-4 91101-4 94131-4 99S42-4 

10139-3 11443-3 12065-3 12146-3 1334a-3 13921-3 1455-2 15116-3 1515T-3 163-1 

16531-3 115t6-3 11.111-3 18131,-3 19304-3 19837-3 20331-3 2C695-3 21343-3 22367-3 

23212-3 2i$46-3 g4164-3 24044-3 25014-3 2S556-3 2o311-3 21426-3 211262-3 29301-3 

3&*C64-3 29d34-3 3210-2 3165-2 32611-3 34531-3 31211-3 33043-3 3056-2 38429-3 

43116-3 45,54-3 412ll6-3 5$1004-3 50647-3 50815-3 50568-3 5IC28-3 53216-3 $4196-3 

55491-3 56CC£-3 !6413-3 5666b-3 $6562-3 54184-3 51281-3 51127-2 59239-3 5985W-3 

6049b-3 611S-2 61d25-3 62556-5 63116-- 63654-3 64201-3 64861-3 65604-3 66314-3 

"' 61114-3 #1662-3 id336-3 
* ) CUSOIO 3 51.$645 -14.5199 14.5199 -5I.9149 1112.86 -11*288 

19294-4 19-1 19-C3-4 1g1"- 20227-4 21216-4 21534-4 21388-4 20219-4 20658-4 

21145-4 22965-4 1.843-4 21232-4 291?-4 30518-4 31321-4 33917-4 35152-4 41112-4 

S46121-4 41661-4 !441-4 S857•14 7919-3 134122-4 86139-4 904.2-4 611222-4 94809-4 

10319-3 11395-3 12585-3 1412b-3 16893-3 19366-3 19211-3 9982d-3 20951-3 2234-2 

*. . 23614-3 25341-3 ib964-3 28591-3 30232-3 31861-3 33461-3 35073-3 36634-3 39111-3 

42S05-3 46452-3 491C8-3 53023-3 56082-3 59034-3 62112-3 6I335-3 6831-2 1114-2 

"74392-3 11636-3. 101111-3 13821-3 868*5-3 69177-3 925611-3 94111-3 9622--3 t0354-2 

. .. 1063S-2 11.041-2 11311-2 11163-2 11901-2 12235-2 12699-2 132111-2 13162-2 14355-2 

14111-2 14113-2 16023-2 158o1-2 16416-2 11521-2 1021-2 1.991-2 19914-2 19964-2 

2214#1-2 k4159-2 ,5529-2 26642-2 26981-2 21168-2 21014-2 21361-2 20539-2 29443-2 

29111-2 33214-2 11011-2 30136-2 306GO-2 31014-2 3131-1 31994-2 32606-2 329S9-2 

* 33401-2 331114-1 1"245-2 34713-2 J5137-2 3544?-2 358C5o2 36221-2 3618-1 31346-2 

"31619-2 38252-2 1662-1

9..

e

o• !,.b 

*. ,- .  

C.".;..  

t1

0

0) 

0
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IS ARRAY 12 ENTRIES READ 

CT

NMT 
MXT 
MIT 
N" CR 

MS 
IRE 
ION 
IPM 
IPP 
IFG 

THE

M NLMbER OF EXTRA CRCSS SECTICkS 
NLHdER OF NUCLbDES FROM MASTER LIBRARY 
NLPbER OF NUCLIDES FRCP X-SECT LIRPPRY ILCG 21 

NLI~bER OF NUCLIDES FROM X-SECT LIEPARY ILCG 5) 
AKIS./t4IITJMURSE OLTPUT TRIGGER 
TOTAL C€OSS SECTICN PGSITICb 
HIlhIN-GROLP SCATTERING CRCSS SECTICf POSITION 

S NLMOER OF RESONANCE CALCULAIICRS 
TABLE LENGTH FOR CRCSS SECTICAS 
IS AN CLO ANISH LIdRARV MCUhTED ? I011INGIYESI 
OLlPUT OPTICN TRIGGER 
PRINT CONTROL - AKISN CUTPUT 

STORAGE ALLGCATEO FOR THIS CASE IS 193536 WCROS 

25 ARRAY 14 ENTRIES READ 

3* ARRAY IS ENTRIES READ

0 
14 
0 
0 
0 
0 

0 
0 
0 

-1 
"o0

o" 1'" 

o.l

0 

0 

.0 

0

OT
03

GENERAL INFORMATION CCNCERNING CROSS SECTICN LIERPRY 
TAPE IOLNTIFICATUCN NUMBER 0 

NUMAER OF NLCLIOkS Oh TAPE 14 

NUMBER'OF NELIRON ENERGY GROUPS 123 

FIRST THERMAL NEUTRCh ENERGY GRCUP 94 
NUMBER OF GAMPA ENERGY GROUPS 0

XSORN TAPE 0 

"
SUPER-XSORN LIBRPOY--LPST CIGITS OF ID 1'S ARE CODED AS FOLLOWS-- 5-900K96 
-0OKT-650K,85-Og.-0OOOK.ANYTHING ELSE IS PRECISELY THAT--IF THESE THERMAL TE 

MPERATURES ARE DESIREO. CALL C.We CRAVEN, JR. OR ". N. GREENE---ALL THER 

MAL DATA IS FO (IFTGsu94I ALSO Jo WILSON DATA AND 3 I/V NUCLIDES JULY. 1.  

960 -THIS IS A CONVERTED TAPE

S.. -NUCLIDES FRCP XIORN TAPE 
-. I URANILP-Z35 TIERPAL TEMPERATURE 0 294.6 K 

2 UAhIlP-238R TIERMAL TEMPERATURE a 294.6 K 

3 HUDROGEN--THERMOS ID-1803fX-6401 TIFERPAL TENPERATUREs 294.6 K 

4 O)IGEN NATURAL BROWh - ST. JCPIK KERNEL TEMP. a 293.6 K 

S ALLPIkLM NATURAL BRChK - ST. JOHN KERNEL TEMP. * 62T.13 

6 CHRCPIUP THERMAL TEMP-294.6 

I MANGANESE TPERMAL TEMP 9 900.0 N 

a IRCh THEPMAL TEMP-294.6 
- NICKEL THERMAL TEKFs294.

10 ZIRCCNIUM NATURAL ORCNK - ST. JC4h KERNEL TEMP. 621.13 

.... t SILEA-IG$ 
1 12 CA.OMIaP-113 THERMAL TEMPERATUREN 294.6 P 

13 INOIUM-115 
14 LEAD NATURAL BRCkk - ST* JCHk KERNEL TEMP. a 293.6 0 

URANIUN-2i) THERPAL TEPPEPATUAE a 294.6 K 

URANIUM-238R THERPAL TEPFEFATURE a 294.6 K 
AL. 

*

9223SI 922 81 

10301 
80003 

130060 
240003 
2 uO.

0

Ci 

(cI 

01

2E.00co1 
260003 I-- C' 

K 400000 I 
411090 

491150 
k 820000 %-1 

922351 

92238t

�.. I 

a

ii I II m " • • " "1 " i .. ... . . . . .. .

3



010 
0*0 
010 
000 
010, 
010 
000 
000 
000 
010 
0*0 
Ooo 
010 
000 
010 
0*0 
0*0 
000 
000 
000 
000 
010 
010 
0*0 
010 

Sav

0) aLiSLOVI 
00 MM361 
00 3CS90LOot 
01 3111191tof 
00 3169"T*t 
00 31$fTff*t 
TO-3#Kfvv*fi 
1*-3p! OWL 
to-31.191941L 
to-"1112t*1 
10-31M9901 
10-M913195 
10-3f ? ttps*4k 
U-M is f loop 
to-31MISot 
10-32)ISLSOI 
ti-Mot 9#111 
12-30t L 120* 1 
TO-MIL6901 
11-M39"*1 
10-AMeWt 
0-3pEfF91,19 
Z)-3-012[130L 
23-90S M104; 
z)-3Tf["%P*t 
SOY gal

to)
V.1

UN 

H

941W.1432 NOIMM 4 N3vr1 d1lifed GVVONvjt3 

03100TO NINIOd AVIN3 

MYCO09 OtOO0000 0310toto 2OL91000 

W09060 00000000 DOLOCOOO 9igotors 9900 

999CM000 00220090 9901COOO t1facoes 

Onzatcoo IP4659000. 0939tooo usuns WO OdIdVI 

#19391pooo 30000000 11066tooo 395 "Ov, z9TO Oldis" 

2396"00 90(]VZO" 0690#1000 3131VO71, 4LOO 31y"Sw 

I *93a 0 093V 91 003d Vt 693d NSI 110"i 0311V3 3,11110V N3"32vul 

tog"0100"Osall St MSd 013 11343 331AII wVVOoVj - "0191 ISOZ21ql 

00000*1MON10131"S.1013S ITIMS VDA IN43221 31 03Sn 1132 NI 41HII -J) NOIL2VVA 3NnlOA--

*123rgO lYNOSS43HIO-1 I St 331v3vI 39 '111m Jvjj43ijN 33?#VW)Sa-d SI#jjt 

100"119" IIND3141 Wt34UdON 3HL AS 03IV31)1 39 11Iq I-VOLTV300if 

10 3666699LOO wIN01V V32VOSOV V34 IVWOIS 000*91 1-401Yvamm :10 SSVW"

000HI 11993,141 4134304 3HI AR 03jV3Hj 30 1114 V39vOSOT 9141 

00 B000090100 n 1131 NOIL23VV02 :1-JO3,412 ZO 30000029*0 a f3411334:13114-y"Is 

00 3000OZ91POO 1VTO.11 NOISNqwId dwnl 000*1 a lot V01214 "Ids 

10-300006WO AlISM3 0 vV 31WIN 09amm OAS06 &YWDIS OHMS IYUN31.0d 
000196Z w fNIA13liainiviie"ai 000*9cl fvp V39"nof HYR 

30113n" IHI, "14 VIV" 37 "Cls3v
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- I
76 

so 

a? 

90 

82

4.24?JS4E (41 0.0 
1. It13!5E Co .Cc 

3.01C'silE 00 0.0 
8.SQ83%3E-01 0.0 
I.31cM1(IE 0o 0.0 
S.IC123 0i01 0.0 
0.0tMEc 0.0 
1.31ebC1lE-01 0.0 
3.441235E01- 0.0 

coo 0.0 

9.CES?)dE-01 0.0 

1.905'd3E-01 0.0

EXICESS RESONAICE INTEGRALS 

RE SOLVED 

ABSUIRPION 0-174;5E 02 
FISSION 0.0

UNMESCLVEC 

0.11283E 01 
0.0

ELAPSED TIMES 0.26 KIN. HRh IPENUE 29. K 

HYOROGEN-lh&RI4CS 10018034X-64.01 mMA &IPAU~ 9.  

-4OXYGEN NATLAAL BROhN ST. jCnb KEAP1EL TIPP.* 293.6 K 

ALUMINUM NAILNAL BROW~N ST. JCNR KEPAIhL TIPP. u627.13 K 

' CIROsIUN 1*.ERNAL TEMPu2g4.6 

.NMhGANESE l1IEPPAL TEPP 900.0 K 

*IRON IThERMAL TEMP-294.6 

NICKEL IS-ERNAL TEMP6294.6 

ZIRCONIUM NAIUPAL BROWNN ST. Jihk NEP16EL TElIP. -621.13 K 

.~~~~~~~ ~ ILVER-109 ~ ~ ~ ~ L VA6 AU 

OP 94 ELSWIC S tiN( .  

"44 V6EATCSNO . EFSLS OVIRACE VALUE 0.0 

- O 9? ELASTIC SLM OF 0.0 VEPSLS OVERAGE VALUE 0.0 

OP 98 ELASTIC S LN OF 0.0 %ERSLS OVERAGE VALUE 0.0 

GP 99 ELASTIC StiN OF 0.0 VE FSU.S IVIPAGE VALUE 0.0 

GP 9C ELASTIC StN OF 0.0 VEPILS OVIPAGI VALUE 0.0 

G P 101 ELASTIC SIN OF 0.0 VEISLiS OVIPAGE VALUE 0.0 

GP 102 ELASTIC SIN OF 0.0 V.EPSUS OVERAGE VALUE 0.0 

SOP 103 ELASTIC StN OF 0.0 VEPSLS OVERAGE VALUE 0.0

C10001 

80003 

130000 

240003 

250005 

260001 

280003 

400000 

471090

Cr 

c�r 
e1 

S.  

C,.  

C 

(3 

'.5 
I I 

.*....� C, 

'"S 

oL

C C

� F

0 

(? 
�. *1 

. . I 
'- I 
F- �

c 

0 

C.  

c
TOTAL 

0.10624E 02 
0.0
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THIS LIORN bORKING TAPE hAS CREATIC 
THE TITLE OF liE PARENT CASE IS AS FCLLCkS" 
SUPER-ISURN LIbRARY--LAST DIGITS CF IC bfS ARE CODOED AS FULLOWS- . -900K96 
-lOOK. 1-6SOP,6-Th0K,9-1OKAk~YTHIkG ELSE IS PRECISELY THAT--IF THESE THERMAL YE 
MPERATLaES ARE DESIRED. CALL C.-W CRAVE&. JR. CR N. 4. GREENE---ALL THER 

TAPE 10 0 NUMBER OF NUCLIDES 
NUMBER CF NEUTRON GROUPS 123 NUIBER OF GAMIA GROUPS 
FIRST THERMAL GROUP 94 

TABLE CF CONTENTS 
URA.b lU-iS ITHEFPAL TEMPERATURE a 294.6 K 
URANILM-938R THMEHAL TEMPERATURE - 294.6 K 
HYUROGk-TbHERMCS ID10o031X-6401 TbEFPAL TENPERATUREs 294.6 K 
OXYGEN NATURAL BiCuN - S1. JCHK KEPNEL TEMP. 0 293.6 K 
ALUMINUN NATURAL BRCWN - ST. JChk KEPkEL TEMP. • 627.13 K 

CHROPILM THERMAL TEXP-294.6 
MANGANESE THERMAL TEMP 9 900.0 K 

IRON THERMAL TEmPU29g.4 
NICKEL THERMAL TEPPZS4.6.  

ZIRCChIUM NATURAL BMCWN - ST. JCHN KERNEL TEMP. 427.13 K 
SILVER-149 
CAUNIUM-113 ThERMAL TEMPERATUREs 294.6 K 
INOIL4-LIS 
LEAD NATURAL 8RCWN - ST. JCMN KEPNEL TEMP. a 293.4 K

)

4 , 

i . . ..

1.

0

C.' 

C- �; 
I..  

01:
Io ID 

I D 
ID 
I0 
ID 
ID 
ID 
ID 
I0 
ID 
ID 
ID 
ID

922351 
922361 
10001 
80003 
3DO000 

240D.3 
ZOCO$ 
260001 
280003 
400000 
411090 
481131 
491150 

•20000

C 

0 

0 

0 

0

I..

C 

0 

1*

-.1 
C.  

C 

- I 

(-I 
I.

(8

.4

%0

C,
G%
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• KENO 123 GP 2X2 CELL PAR 14X14 .6397 Il PITCH 

"* '1 -. NUMBER OF GEhERAlIONS 103 START TYPE 

"- NUMBER PER GEKERATICN 2CO GENERATIONS BETWEEN CHECAPOINTS 

-_NUMBER OF GENERAIIONS TO BE SKIPPED 3 LIST INPUT X-SECTIONS READ FROM TAPE 

"____ NUMBER OF ENERGY GAOLPS 123 LIST 1-0 MIXTURE X SECTIONS 

o .. .MAD. NBER OF EIERGY TRANSFERS s0 LIST 2-0 MIXTURE X-SECTIONS 

.... NUMBER OF IKPLT lUCLIDES 14 LIST FISS. AND ASS. BY REGION 

NUMBER OF MIKTLRES I USE X-SECTIONS FROM PREVIOUS CASE 

* 0 NUMBER OF MIXING TABLE ENTRIES 16 USE GEOMETRY FROM PREVIOUS CASE 

NUMBER OF GECREIFY CARDS IS USE VELOCITIES FROM PREVIOUS CASE 

S" • NUMBER OF BOX 1YfES C .•OMPUTE MATRIX K-EFFECTIVE BY UNIT 

NI NUMBER OF UNITS Ii X DIRECTICK 14 COMPUTE MATRIX K-EFFECTIVE BY BOX TYPE 

.1 NUMBER Of UNLIS IN V OIRECTICN 14 LIST FISS PRODS MATRIX BY UNIT 

.3 
NUMBER OF UNIIS IN Z DIRECTICN I ADJOINT CALCULATION 

. NUMBER OF NLCLIUES READ FROP TAPE -14 USE EXPONENTIAL TRANSFOAN 

ALBEDO TYPE 1 CALCULATE FLUX 

* . SEARCH TYPE .0 .CALCULATE FISSION DENSITIES 

* ;THIS PROBLEM kILL BE RUM4 WITH SPECULARLY REFLECTING BOUNDARY CONDITION 

"" THE ALSEDOS ARE *X a 0.0 -X a .oC00000 00 4Y • L.OOOOOE 00 -Y i OeO. w 0.0 -z 

MAXIMUM TIME w 4000co MI.NUTES 

* .. -~ STORAGE LOCAlIGN! REQUIRED FOR THIS JCS 1 818382 

REMAINING AVAILABLE LOCATIONS= 7202

0

I

- 0.0

a 

0 
No 
No 
NO 

NO 

NO NO 

NO 

NO 
IHO 

NO 

NO 

NO 

NO 

YES 

YES

%.I

Aiqa

C; 

I 

C' 

C 

A
J

is
.. .. °..., . .- : I _ _
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... KENO 123 GP 2X2 CELL 

- .MIXTURE NUCLIDE 
a -92W&5 o ______ 92;361 

1 9CO03 
- 2 400P400 0 3 ilo 

4. 2'sC(193 

04 Z&1..0Ls 
-4 26c., O3 

6 471(lso 
6 4.63131 o6 491150 

62OCOOO

"PiR 1'.K14 .6397 Ik PITCH 

OENSITY 
1. J9TOCE-04 
2*395.8OE-02 
4. 96550E-02 
4. 22510b-Clz 
6.. 1430E-i0l 
3.33?t1pk-02 
1. 673301 -tU 
1. 761*OE -03 
6. b4164hE-Wi 
8. 36670E-02 
6. 021520E-02 
2. 1 ?ho~E-02 
3.31720E-04 
7.606;OE-03 
1.004(joe-L5 
3. 29930E-02

1 CROSS SECTION$ READ PROM TAPE 

NUCLIDE a 92;351 URAKIUIO-235 THERMAL TEMPERATURE - 294.6 K 
HUCLIOh a 9223al URANIUM-2351R THERMAL TEMPERATURE a 294.6 K 
NUCLIVE - ItooI I1YOIMCGEN--T!Q~ilCS 1CG1803(X-64US THERMAL TEMPERATURE- 294.6 K 
NUCLIO& a OCC-03 OXYGEN NATURAL b0C~dX - ST. JOHN KERNEL TEMP'. a 293.6 K 

*NUCLIbDE w 13C000 ALUPIf.UM NATU.RAL UCIIWK - ST. JOHN KERNEL TEMP. w 621.13 K 

* ) INC2081 IGCOM - FRCJGRAM INTERRUPT (11 - UkISCRFLOW OLD PSWd IS FFESQIUOO2OSOV84 

*. TRACESACK ROtiTISE CALLED PRCM ISM REG. 14 REG. Is REG* 0 REG* I1 

%S IAPE 0030 4.204FERZ ooo'.Foaa 00000000 0OO4EigAo 

* )INP T 0397 42031311 00041106 00000000 0003C426 

R~ EAD 5204S*ZC 00038628 06002500 00045ASO 

£LCCA1 0070 4203FCFA 00045988 00000000 0003#9&C 

J ~ . MAIN 0001516C 0103F928 00000030 0003A260

&MIRY POINT- OI(3FV28 

STANOA§SO PEALUP IAKElbo 
NJCLID0E a 2'.(003 
NUCL IDE - 25Co01 

__NUCLIBI Ol u 2co05 
NUCLIDI a 261003 
NUCLIDE - 14CCOOO 
NUCLIDE a 47109Ce 

- .NUCLIDE ails 
MUCLIDA 491US0 
MUCLIO& GatacG0

EXICbjTICtK CGI.TIAUtIhG 
CHROI'IUM TI-EPHAL 
MANGANESE 
IRON 1R4PIUL 
KICKEL ThERMAL 
ZIRCONIUM NATURAL 
SI L1ER-109 
CADPIUOI-113 
INDIUM-115 
LEAD NATURAL

K

oL 
Cl 

ci 
* Cl 

0'.  

* . (4 
S.  

0 
.4 

I-'

TENPU294.6 
THERMAL TEMIP u 900.0 K 

TEMPs294.b 
TEPPm294.6 
IPOwiN - ST. JOHN KERNEL TEMP. a' 427.13 K 

TMERM4AL TEMERATURE. 294.6 K 

lIGhiN -. ST* JOHN KERNEL TEMP. w 293.6 K

(
p.  

CI:

...&efr...

0

ci.'> 
I.  

C 
I.  

C 
I..  

c�,L.  

I.  

'r� 

",� 7.
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2., �.. -. V,,2CA2 ,..ai4t..LL.tJS

RE_ KNO 123 GP 2X2 CELL PUR 14XI4 .63S? IN% PITCH 

GEOMETRY DESCRIPIICN

FL INDER 

YL IND EA 

YLINdER 

010I

S0 - REFLECTOR 

I REGION 
I CORE 

2 CUSO] 

*3 Cuba 

4 CUSO 

A Cuba 

a Cusa 

___ 10 Cuba 

11 Cuba 

-9' ___ 13 CUSC 

14 CUBS

env 

10 

I D 

ID 

I D 

In 

1D 

10 

I D 

to 

toD 

Ito 

I ID 

toD

:10 RADIUS 

RADIUS 

RADIUS

*4.9276E-01 

*5.5s80E-01 

*8.12'44E-01

*K a 1.1374E 01

3 #K a 1.3134E 

4 #K . 1.149(oE 

& #X - 1.21 121 

4 *X a 1.2234E 

5 *X a 1.4520E 

4 +X a 1.64Z5E 

I i a 3.16651 

4 #X a 3.6745E 

3+ eK w 3.S1451 

3 #X n 4.2745! 

3 *X a 4.5745E 

3 #X a 4.8745E 

3 #K = 5.19855

01 

cI 

01 

ci 

01 

01 

01 

cI 

CI 

Cl.  

01 

01 

Cl

#2 

-x

a 1.8288E 02 

a 1.6268! 02 

a 1.82866 @2

I 

0 

2 

3 

0

-1 0-1.828se 02 

a-1 -. 82asE 02 

-za-1.8288E 02 

a1 8.1244E-01

*Y 1.1374E 01 

#Y 1*1.1314 01 

*1.1491'S 01 

*1*1.2112! 01 

#Y 1.2234C 01 

+v 1.4520! 01 

t*v 1.4520! 01 

#Y 1.4520! 01 

*Ya 1.45206 01 

OY 1.4520E 01 

#Y 1.45201 01 

#Y 1.4520E 01 

#Y a 1.4520E 01 

#Y a 1.4520E 01

-Y a-8.1241.E-01 +z a i.aaaa! 02 -1 0-1.62861 02

-V 0-1.1374E 01 

-Y.n- 1. 13 74E 01 

-Y w-1.149bk 01 

-V a-1.21121~ 01 

-Y a-1.2234E 01 

-V 0-1.4VVEJ 01 

-Y --l.64256 01 

-V m-3.1665E 01 

-V w-3.6745E VI 

-Y --3.97'se 01 

.. V --4.21*5! 01 

-V a-4.5745E 01 

-y T a4.6145E 01 

-V 0-5.1985i 01

#z a 1.112881! 02 

f2 a 1.82681 02 

#z a 1.6268B 02 

*z a 1.8286! 02 

#1 - 1.62811 02 

a2 1.52891! 02 

a2 1.6286! 02 

*2a 1.6268B 02 

+z - 1.82851 02 

a 1.6288! 02 

*2a 1.8266! 02 

#1 a 1.6266 02 

#* * 1.2881 02 

*2 1.8286! 02

-2 u-1.82861 02 

-2 --1.62661 02 

-2 0-1.62661 02 

-2 a-1.6266! 02 

-1 *-1.82see 02 

-2z --1.8266! 02 

-2 --1.6266! 02 

-2 *-1.8266! 0? 

-2 .-1.SZOSE 02 

-2 --1.62681 02 

-2 0-1.82661 02 

-z W-1.2Siee 02 

-2 a-1.68269 02 

-Z a-1082868 02

p.I

�LL7A� (

-x 0-1.1374E 01 

-X 0-1.1314E 01 

-X e-1.1496l 01 

-x 0-1.21121 01 

-)t a-1.2234E 01 

-X --1.4520E 01 

-x a-1.49200 01 

-X m-1.45201 01 

-x W-1.4520! 01 

-X a-1.45201 01 

-X --1.45201 01 

-x 0-1.45206 01 

-)t *-1*4920E 01 

-X m-1.4520! 01

0

0

.9 .I-J.  
*1-' 

9

9.  

.9,.

CI.  
- I,

REGION 

- - .. I_ C, 

a__ CI 

3 C 

. cI

I'.  C.  

0:

*1 .  

Si

(U 

I-.  

�0 
-9.  

-.1 
'9,'

M�*M�#a4Did.�,

C 

� li..-9 
-I 

iz.  

*c � 

C.  

.cJ 
C.' 

CL 
a.  

C,
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KWO 123 GP 2X2 CELL PkR 14XL4 .63S1 IN FITCH 

_VOLUMES

BOX TwPE I 
REGION 0dFII.E4 
REGICO DEFINED 
REGIGN DEFINED 
AEGIUW UEFINED

BY GEOMETRY CARC 
BY GECXETAY CARG 
bY GECMETRY CARD 
BY GECMETRY CARC

REFLECTOR VCLL1491 - GECMETRY CARD 
REtION DEFINED BY GECMETRY 
REGION DEFINED BY GECMETRY 
REGION DEFINED BY GECNklRY 
REGION OEF 114EO BY GECHETRY 
REGION REFINER BY GEOMETRY 
REGICN DEFINED BY GECMkTAY 
REGIGN OEFINE0 BY GECMkTAY 
REGIUN DEFINED DY GECMETRY 
REGION DEFINED BY GECKETRY 
REGION DEFINED BY GECMETRY 
REGION OEFIfsE0 BY GECHETRY 
REGION DEFINED B1 GECMETRY 
REuION DEFINED BY GECMETRY 

TOTAL VOLUMES 
I 5.2316dE 04 
"2 i.36110E 03 
3 1.S('€2E 04 
4 1,1e5so0 05

5 
CARC 
CARC 
CARC 
CAR& 
CAPC 
CARD 
CARP 
CARC 
CARE 
CARC 
CARD 
CARD 
CARe

1 
2 
3 
4 

IS THE 
4 
1 

.8 
9 

10 
11 

12 
13 
14 
is 
16 
11 
1t

VOLUME 
VOLUME 
VOLUME 
VCLUNE

a 
U 

U 

U

CCRE BOUNDARY 
VOLUME a 
VOLUME 
VOLUME a 
VCLUME a 
UCLUME a 
VCLUHE 
VOLUME u 
VOLUME a 
VCLUME a 
VOLUME a 
VCLUNE a 
VCLUME u 
VOLUME a

2366923E 02 CH0'3 
1020d52E 01 CH*e3 
1.91911E 0l CHa0e3 
6.06846E 02 CM**3 

CARD 
0.0 Cm**3 
4.01056E 03 CMS*3 
2012165E 04 CK*03 
4.34175E 03 CM9*3 
1.B47641 (4 CHN*3 
4.17936f 04 CH**3 
4.29934E 05 C.40 3 
1.61061E OS CHe'3 
1.1519SE 05 C9093 
1.223196 05 CH*03 
1.289631 0S CHew3 
1.155461 05 CH*M3 
1*5)816E OS CHA0)

CUMULATIVE 
CUMULATIVE 
CUMULATIVE 
CUMULATIVE 

C¢UULATI VE 
CUMULATIVE 
CUNULATI VE 
CUMULATIVE 
CUMULAIIVE 
CU4ULATIVE 
CUMULATIVE 
CUMULATIVE 
CUMULATIVE 
CUA4ULATI VE 
CUMULATIVE 
CUMULATIVE 
CUM4ULATIVE

VOLUME a 
VOLUME m 
VOLUM4E a 
VOLUME -

VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME

U 
U 

U 

a 
U 

U 

a 
U 

U 

U 

a 

U

2.66923E 
2.0190(E 
3.5860SE 
9.645911

02 
02 
02 
02

CH*03 
CM493 
C1100)

1.69214E 05 CM"*) 
1.93352E OS CM*v3 
2.146296 05 CM**3 
2.14910E 0S CM*"! 
3.08449E 05 CH493 
3.502441 05 CM**3 
7.80111E OS CH*03 
9.612451 OS CM"!3 
1.071041 04 chow$ 
1.19942E 04 Cms*3 
1.32838E 06 C4") 
1.443936 06 CO'*3 
1,617111E 06 CM*03

VOLUME FRACIICN CF THE CORE CONTAINING FISSILE 

START TYPE - C

MATARIAL- 0.216416 00

;~ T1a6 

___0.00; 

~. , ,,,

4F

-J

C

ol -- I

01 C'l

NEUTRON$S %EE STARTED IN THE ARRAY biTh A FLAT DISTRIBUTION.  

O NEUTRONS bERE INITIALLY STARTED 
a1l mINLIES lIRE REQUIRED FOR STAR1T0IG

I..  
� 
(p 

*� 

I 1�.  

'0 

I.

C C

e -

., V..  

CS-..

C

D .....................................

.n

°.+
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IJ
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.1 
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.1-a

La)
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1)
__ RENO 123 GP MX CELL PbAR 14X14 .63S7 IN. PIICI

_____GENERATION

3 
4 

9 
10 

0 11 
12 

3 13 
14 

Is 
18 

19

20 
21 
22 
23 
24 

as 
.- 26 

5' 21 
- 28 

29 

31 
32 

-- 33 
34 

'I ~ 35 
36 
31 
38 

-- ..- 39 
40 

* 41 
* 42 

43 

-. 45

K-EFFECTIVE ELAPSEC TIIEIPIKI

8. 8b4eStIOI0 
i.026231 00 
9.414111-01 
1.015115h 00 
9.8668051-01, 
I.C3b$11 CC 
1.01AILSE 00 
9.47ce61-o1 
1.0333S1 CC 
1.C55081 00 
1.02172E 00 
1.OC064E 00 
9. 2355 k- 01 
I.C4056k 00 
s. 162461-01 
11008col1 00 
9.363321-01 
1.064141 00 
9.480581-01 

0. 37616E-01 
1.C1490E 00 
1.05.571 00 
9.64284E-01 
1.00j4011 00 
1.CCS1CE 00 

9.48623BE-01 
1.C71idlE 00 
9.#2 164E-UI 
9.681.5 15-01 
1.CC(.154E- 00 
1.01624E 00 
t.023496 00 
9.616060-01 
9.062521-O1 
.1.019141 00 
1.04294E 00 
itojjuff 00 
9.9 1026E-01 
9D.72416E-01 
5. 11457E-01 
.9. 86751E-01 
9.:p10421-01 
9.965G91'01 
9.&S165E101

9 *966611-02 
I * bi)0CE-0 I 
2.61BJ3E-01 
3. 701005--011 
4.51167E-01 
5.4 1668101 
6.34107E-01* 
7.210001411 
6.041611-01 

9. 72000E-0 I 
1.CICCE OC 
I..ibuiCE 00 
1.2b.217E 00 
1.3455CE CO 
1.43633E 00 
t.521001 00 
1.6CU33l 00 
1.695831 00 

1.18C111 CC 
1.868611 00 
1.9h4l111 00 
2.C435Cfi CO 
2.13167E 00 
2.2250G1 00 
2.310COE 00 
2.4.13506 00 
2.510CI 00 
2. SY0I 7E 00 
2.0?9;ilE 00 
2.70417E OC 
2.6496a1E 00 
2.93933E 00 
3.0279CE 00 
3.11633f 00 
3.2OSSCE 00 
3.0250E 00 
3.30171! 00 
3.1.13001 00 

3.667111E 00 
3.756831 00 
3.64417E 00 
3.9-34111 CC 
4.025001 00

AVG. K-EFF DEVIATION 
WARNING - ONLY 118 

1.0000,hE 00 0.0o 
1.ot100c1 on 0.0 
9.'.l4lIE-01 0.00 
9.186ALE-01 3.7226G1-02 
9.15369E-01 2.114.09E-02 
9.912459-01 2.2098Ck-OR 
9.95412E-01 1.781111-02 
9.813519E01 1.648866-02 
9.93934E-01 1.54083E-02 
1.002081 be 1.58361-02 
1.004261 00 1.3960SE-02 
1.00'4401 00 1.2484S1-02 
9.97.)5E-01 1.34541kO-2 
1d10U11ll 00, 1.26fl151-02 
9.9886f8-01 10192846-O2 
9.994811-01 1910.06f-02 
9.95410E-01 1.101101-042 
9.~99T0bE01 1.12161E-02 
9.965526-01 1.100216-02 

WARNING - ONLY 198 
9.611331-01 1.381931-C2 
9.69102"-t 1.29i600-02 
9.925521-01 1.215471-02 
9o.92151se01l 1.213811-CR 
9092691E-01 1.156?2e-02 
9.93435"t1 191,097*-02 
9.93o,011O1 1.0021S1-02 
9.92587E1"t 1.024451-02 
9'.959419-01 1.0400SE502 
9.9395CE-01 1.020o2E-02 
9.938291-01 9.84039E-03 
9.94122E-01 9.5071E-03 
9.94.926E-01 9922067E-03 
90956'.7E-a1 8.96642E-03 
9.94760E-01 8.149181-03 
9.91,4121-Ot 8.485431-03 
9.9519Y1-01 8.26461E-03 
9.98581141 8.14052E-03 
9.91)19141 1.947111-03 
9.911481401 7.7'332&E-03 
9.9649TE-01 7.5551S1-03 
9.96009E-01 1.31554uE-03 
9.957111-01 7.192121-03 
9.94666E-01 7.100151-03 
9094729E-01 6.9291SE-03 
9.941356-01 6.19220E-03

MAIRIX K-EFF 
INDEPEiN004IT FISSION POINTS WERE G~ENERATED.  

0.0 
0.0 
0.0 
0.0 
0.0 
.00 
0.0D 
0.0 
0.0 
0.0 
0.0 
0.0 
(0.0 
0.0 
0.0 
0.0 
0.*0 
0.0C 
0.0 

INDEPENDENT FISSION POINTS WERE GENERATED.  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0.  
0.3 
0.0 
0.6l 
0.0 
0.0 
D.C 
0.0 
0.0 ,

0.0 
0.0 
0.0 
0. C, 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0

o�.

- I),.  
C;.  

I-.  

.�I.  

d.  

�' r.  ci 

- 01 

Oj.  

2.  
*1.  

� 
(8 

I-h

Till MATRIX X-EFF IS THE LARGEST EIIENVOLUE 
CF THE MATRIX OF FISSIONPOAITESYUN.  

___THERE ARE 9N8IAX * NOYMAX S IZMAX UKITS IN ON ARROY.

1*
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6 __ K-J0O 123 GP 2[2 CELL Pb* 18414 .6391 i1 PITCH

--.. LIFETIME v 2.86561F-05 + OR - 1.798931-06 GENERATION TIME * 2.44332E-05 # 0& - 2.69812"T01

N:_- NO. Of INITIAL 
GENERATIONS 

." i . . ... SK|P".E

. __-.... 3
..' i~ 8 .' 

•4 

"I . ... 7 
*', b .  

-.1 

9 

,,* ' .. 10 

• -. -; .. . . .... T 
- .  

° 21 

82 
.1

AVERAGE 
1-EFFECIIVE

0.6S539

0.69489 

0.69554 

0.99443 

0.59391 

0.91524 

0.99418 

0.S9232 

0.99146 

0.99103 

0.99346 

0,99552 

0.$9.29 

0.99232 

0.$6353 

0.97224

DEVIATICI 

OR - 0.00682 

OR - 0.006s1 

OR - 0.u0712 

OR - 0.00122 

OR - 0.00739 

OR - 0.001748 

OR - 0.00162 

OR - 0.00760 

OR - 0.00778 

•OR - 0.00800 

OR - O.CColO 

OR - 0.C6641 

OR - 0.00609 

OR - 0.00767 

CR - 0.00166 

CR - 0.01321

61p 
k CCNFIGF.N 

0.6885? 

0.98192 

0.sv842 

0.$8122 

00S8656 

0.9841a 

0.98366 

0.983#2 

0,98415 

0.98904 

0,588*1.  

0.98464 

0.91587 

0.95902

'ER CENT 
ICE INTERVAL 

TO 1.00221 

TO 1.00187 

TO 1.00266 

TO 1000165 

TO 1.00136 

TO 1.00212 

TO 1.00119 

TO 'o.99992 

TO 0.99903 

TO 1.00216 

TO 1.00199 

TO 1.00438 

TO 0.99999 

TO 0,99118 

TO o*g•545

95 PER 
CONFIDENCE 

0.09114 To 

0.98094 10 

0,98130 TO 

0.98000 TO 

0.91918 TO 

0.90021 TO 

0.97189 10 

0.91112 TO 

0.91590 TO 

0.91502 TO 

0.97605 TO 

0.98251 To 

0.96011 TO 

0091691 TO

CENT 
INTERVAL 

1.00904 

100884 

1.00978 

1900886 

1,00815 

1.01OZO 

1.00941 

1.00152 

1*00101 

1,00704 

1.01086 

1.00846 

1.01248 

1000766

0.96821 TO 0.99884 

0.94581 TO 0.99867

99 PER CENT kUMBER OF 
CONFIDENCE INTERVAL HISTCRIES

0.91492 

0. 97391 

0.91410 

0.97279 

0. 97179 

0.91219 

0.97133 

O.989S52 

0.96613 

0. 96701 

0. 96735 

0.97610 

0.97202 

0.96930 

0.96050 

0.93259

TO 1.01586 

TO 1.01581 

TO 1.01690 

TO 1.01608 

TO 1.01614 

TO 1.01702 

TO 1.01512 

T0 1.01419 

TO 1.01504 

TO 1001956 

TO 1.01893 

TO 1.020$7 

TO 1.01533 

10 100449 

TO 1.01188

8400 

8200 

6000 

7800 

7600 

1400 

7200 

1000 

6800 

6600 

5600 

4600 

3600 

2600 

1600 

600

)

* ;i�.  *1-
Q

'p 

'.J

I~ 

0'

i

.CI

C 

0 

C

ci

C

,' I

C

0. --
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EXHIBIT 2 

BWR BxB, 2x2 Fuel Assembly Model 

Fully Expanded Rod Pitch
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7PIS IS Ti1f TOP CF AHPX 

M•. ULE CI•WVFRT HAS BEEN CALLED 

" -* ,._. *CCMVFRT 
1 Isll 14 9• 241% 41 I 1 

461 10001 SCOC3 I|2 1 C 24CO03 2SCOCS 26C0BI 280003 400000 411090 4811 

. 6l?492150 20000 922311 122301 7 

""ODULE CCNVERT IS FINISIED. USER COOE 0000 SYSTEM COts 000 

1MfnULE NITVbL H4AS BEEN CALLED 

, NITAVL 
-W_ S 0 14 $Z 1 21 -10 T 

2ss 10001 CC€3 13CCCO 240003 250005 260001 280003 4C0000 411090 4811 
491150 820000 9223!1 922311 

S S30* S22181 291 2 .528 .0832 55.0 .0236 1 L6 1.63 1 3Z I T 

": " ImnULF NITAdL IS FINISI-EO. LSER COOE 0000 SYSTIF COCE 000 

MODULE KrND HAS BFEN CALLED 

KIND 123 OP 212 CELL BUR M8 NO 1 .1219 IN PITCH 
4 03 200 3 123 80 14 7 16 17 1 A 8 -14 1 0 2000 I07 0 -1 -1 3Z 

j 1 -422151 7.317-4 I 922381 2.356.0-2 1 80003 4.5575-2 
.12 400000 4.2257-2 3 10001 6.0415-2 3 80003 3.3371-2 

4 740003 1.6133-2 4 250C05 1.11f4-3 4 2o0001 6.0416-2 4 280003 8.3661 
5 . S IlCOCO 6.0272-2 6 4710S0 2.170-2 6 411131 3.3172-4 6 491150 7.406 
6 6C003 I-15 
7 F2COCO 3.2553-2 

', CYLt.1OER I .0832 I1.90 -162.01 1235.5 
CYtIkOFR 0 .13195 112.11 -182.84 1231'.5 

S CVI. INCIR 2 662411 82.8I -112301 123R. 1 . f• UlkIPl 31 .916118 -. Sl&ll .91611 -. 41L618 192.88 -182.66 123R,5 

C08E BnlY 0 7.3342• -7.33425 7.33425 -7.33425 152.88 -182.1P 123Re5 
S CURrI o 7.33425 -7.33425 7.334;5 -7.33425 182.86 -182.88 1233.5 

(UPOID 4 7.8.0S -1.810S 7.81CS -1.?80S 152.88 -182.88 1230.S 
CUPPiM 6 7.92OS -8.0137 1.1CS -1.6105 162.88 -162.88 123R.5 
€liftfln 5 IC.3SOS -8.96i4 1.110S -10.3505 1102.68 -182.68 1230.5 

. . - CUAOIO 4 12.29555 -1.91664 1.10 -L2.2SSS 162.68 -112.18 1234.5 
"CUIO1O 7 2T.4915 -6.9664 1.6105 -27.l4955 152.86 -162.6 123R.S.  
CUBOSO 4 32.5155 -. 9T64 7.11106. -32.655 182.88 -182.66 122R.5 

*j RPFLECTOR 3 15.24 •2 13.24 21 SCO 

MODULE MEMO IS FINISHED. USER COE C000 SYSTEM cOca 080 

-.. . . .. 4. . .

K -�

131 

211 

-. . ..a. . . . . . • . .. . . . .,

I.  

0�

.5.  

A 

*5.

s-j 

V ." 

C.  

0 

0

0 

0 

C, 

C 

0 

G

'5. 1 

01

.4 

.5 I.J 
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............................................................r.

.. I ARRAY 1I UNRIRIS READ 

OT * -- mSCM NIMO R OF EXTRA CAESs SECTIONS 0 

,MT N__ U. MUFR OF NUCLIDES FRCP PASTER LIRRARY , 14 
PINT NUPPER (F NUCI IDES FROF X-SECT LIBRARY ILC6 21 a "* *.. INT , NUMPFR OF NUCLIDES PROP X-SECT LIBRARY WICC 33 . 0 "CER AhsISMT/0I0MORSE nLIPLI TRIGGER 0 
*x TOTAL CROSS SFCTIOK POSITION a 
, .S WITIN-GnLUP SCATTERING CROSS SECTION POSITION 0 
IRFS ... . NLPIRE OF RESONANCE CAICULATICKS I ION TARIF LENGTH FOR CRCSS SFCTIOhS 0 

.* ' ) 1PM IS AN OLD aNISN LIPRARV MOUNTED 7 10/l|$O/yESI 0 "IPP OLIPUT OPTION TRIGGER -1 
_. IFG PRINT CONTROL - ANISh CUTPUT 0 

"" . .--.Thf STORAGF ALLOCATEC FOR THIS CASE IS IS60o6 WORDS 

- 2$ ARRAY 14 ENTRIES READ 

S.... 3* ARRAY IS FNTRIES READ 

OT 

"":•"* 1 ..._GENERAL INUORMATICk CONCFRNIAG CROSS SECTION LIBRARY 
"-4 TAPE InENTIFICATICN hUMBER 0 NUNP.FR OF NUCLICFS ON TAPF 14 SNUMBER OF kEUTROk ENERGY GROUFS 123 

FIRST THERMAL NELTRON ENERGY GROUP 94 
NUMNFR OF GAMMA FNERGY GROLPS 0 

. XscRP TAPE SLPER-XSORN LIRARY--LAST CIC36S OF 10 V*S ARE CCl 
-eOOK,7-E5OK,8--SOK,9-1OOOg1ahYTpIgIG ELSE IS PREC " "* " MPERAILRIS ARE CFSIRED. CALL C.M. CRAVEN. JR. CR 
HAL DATA IS PO IIFTG-94I. ALSC J. WILSON DATA Al 
9ge -THIS IS 

- N NUCLIOES FROM XSORN TAPE 
I URANILM-239 THERMAL TEPFEFATURE - 294.6 N "2 U0ANIU0I-231S THERMAL TEPPEPATURE m 294.6 K 

- " 3 HYlPOGFN--THERMCS IC-1031X-6401 THERMAL TEPPEPATURE- 294.6 K 
4 OZTGFN NATURAL BROWN - ST. JOHN KERNEL TEMP. a 293.6 K 
. ALUmINUM NATURAL BRC6h - ST. JOHN KNRkEL TEPP. a 627.13 K a CHPCMIUM4 TPERMAL TEPPa294.6 
1 "ANVANFSE THIMPAL TEP 900.0 K 
a IRCM THERMAL TEMPa294.6 
I NICKEL TNERMAL TEPP=294.6 
t0 ZIRrOMNIUJ NATURAL 8RCUN - ST. JOHN KE1REL TEIP. P 627.13 K 

* .... SILVER-IC9 
- 12 CADPIUM-113. THERMAL TEPPERATUREa 294.6 K 

1 33 INoIUM`Igl 
14 LUAC NATURAL BROWN - ST. JOHN KERPEL TEPP. a 293.6 K 

URAhlUm-239 THERMAL TEMPERATURE a 294.6 K 
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362.2110 
367.6100 
313.660 
376.710 
362.520 
3816.100

9(6.420 
911.330 

9 2,4.240 
930.460 
141. 100 
951.4620 
911. 119 
1(1.110 

10c2 .021 
1014.420 
1051,350 
10410390 
1014.110 
1043.440 
t0149149 
1016.630 
IICI.31l 
1150.960 
11144369 
1141.151 
1156. 600

Cf 

'. t.  

C.  

/-.  
I.-.
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C 

C 

0 

C 

C 

0
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C

�0 
-J 
U'

�I.I.  
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CI 

C. I 
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C* �.A fl

4.

XPNO 123 OP 2XF CELL AWR $86 NO I .721S IN PITCH 

-VCLWI!S 

.: .S 3 , 1 RFGTt4flEPOFI"1D BY 61CMETPY CARD I %CLUM! a 3.20730! 02 CP*03 CUMULATIVE VOLUP! a 3.20130! 02 CM*'3 

REGIO" DEFINED IV GfCMFYRY CARD 2 %CtUpf * 1.402818 01 CP'*3 CUMULATIVE 'dOLUI4 - 3.34156! 02 CFP*3 
AF610 RIONDFFINF BY GICHETRY CARD 3 '#CLUM! a 1.15692f 02 CP**3 CLMUtATEVE VOLUPE 0 4.5C4501 02 C**'3 

- .REGION DEFINED BY GECMETRY CARD 4 VCLUME a 7.79213! 02 CPS*3 CUMHULATIVE VOLUPE a 1.22966E 03 CH003 

*.REPLEC'TOR VI-LUMFS - GfcMflpY CAPO 5 IS THE CCPE BCLNO*SPV CARO 
REGION WEINED BY GFCHEIRY CARD & %CLUIEE a 0.0 CP**3 CUMULATIVE VOLUVE w 1.66986! 04 CM*03 

* ~ .. REFC-14 DEFINED BY GECOMETRY CARD I *CLUNE a 1.055246 04 CP**3 CUMULATIVE VOLUME a 8.92511! 04 CA&*3 .  

PIC HIM DEFINED BY GICPMETRY CARD a vOLUME m 1.16100! 03 CP*03 CVLMULAT IVE VOLUME a 9.04121f 04 C"003 
REGION DEFFINFO BY GECMETRY CARD 9 14CLUME.. 3.79016! 04 Clf**3 CUMULATIVE VOLUME a 1.28314E 05 CP*:3 
REGION nDEFDINED BY GCEMFTRY CARD 10 VCLUME a 2.1440S! 04 CP**3 CUMULATIVE VDLUPE a 1.551556 0 5 CP**3 
RPOION 0 fF I N FevB GECMFTRY CARD It %CLUME w 3.15094! es CI'**3 CUMULAT IVE VOLUVE a 4.70651! 05 CP*'3 

NFK"nFI~ Y GCEMFIRY CARD 12 %CLUME 1.42168! 05 CP*03 CUMULATIVE VOLUPE 0 6.13638! 0S CP**3 

REINOFVE Y GEOMETRY CAD 14 %CIUNE 9t.977.0327E 05 CP**3 CUMULATIVE VOLUMNE a ___ 066295E 05 CM**3 
REIO -- FlFINFEO BY GCMEC4TOY CARD 13. MCUMS t- 1.0357E 04 CP03 . .-. CUMULATIVE VOLUPE 9.1742951 05 CK*:3 _ 

REGION DEFINED BY GECMETRY CARD 16 VOLUME db 1*12941E .05 CP**3 CUMULATIVE VOLUPE w 1*02590! 06 CM**3 
. - .. * - .I.REGtfl DEFINED flY GECMETRY CARDO .... . ...11 VLME 1.2936S! 05 Ct03 .3Im;ULATIYVE.VOL.UMi~ u.1.15et521!.06 CM,603.

TOTAL VOLUMES 
I 2.05267F 04 

- . I l.S11BIF 02................................- . . .  

3 9 .40430F 03 

-VOIUME FRACTION OF TI-E CORE CCMTAINKIG FISSILE MATEIPAL- 0.260831! 00 

...START TYPE. 0 . . .  

1..TIE NEUTRONS WERE! STARTED IN THE ARRAY bktT A FLAT OISTPIEuTtCN. . . ..... * . . . .  

- 200 NEUtROllNS WERE INITIALLV STARTED 
0.00267 MINUTES WeERE REOUIREO FOP STARTIKo.

15o

I.  

I.

C: 

�9 
Si 

C
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- . 5 
* . . .* *1

I.  

I.  

.1 
* .. . .  
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b 

x.  
* I 

.4.  

0� 

* 

:3 

�' t.

-. KiN 123 GO, 113 CEII. Dlii eI 

611MI...~CNRATIOU -. K-EFFECTIVE 

_____ I 1 . f.76.167E-01 
2 9.309131-Cl 

~. 3 8.19791E-01 

7 .41151fC1 

0 9 6.62421F-01 

13 6.43344E-Cl 
.-. 14 5..29922F-01 

Is 9.11383F-01 
14 . 9.417321-Cl 
17 9.3269res-Cl 
1o .. .5stiff-01 
19 8.696IS510l 

10 6.166421-01 
28 S.; 9.ITOOF-01 
22 9.("644E-01 

- 2 3 9.20293F-Ol 
24 8.14492E-o1 
Is 8.422451-01 

6 . 119 2&E-01 

is .. 7.4027F-OI 
29 9.I11781E-Cl 
30 9.C3954-01 

O3 D . 140421-01 
- . 32 .. 1.11216E-01 

13 9.%40$41-01 
14 I.SIIIE-CI 
35 9.16?761-0I 
34 9.223S46-01 
3? 9.3546SE-01 
38 9.01129E-0l

4 No 1 .1219 IN PIToi4

ELAPSED T1I4EINI4M 

I.14141-01 
2. 100G01-0 1 
3.155001-01 
4. 2264 11-01 

5.3666?E-Ol 
6.41333E-01 
7.5250O1-01 

9.71ICCE-01 
l.CI600&: 00 
l.1u083E 00 
1.282411 00 
1.39i333E 00 
1.500631 00 
1.&0911I 00 
1.11850E 00 
1.22833E 00 
1.9335G1 00 
2.03593r: 00 

2.150508 00 
2.245631 00 
2.3bSSOE 00 
2.45250E 00 
2.968501 00 
2.64&47C1 00 
2.10267E 00 
2.691501 00 

3.00417E 00 
3.12211E 00 
3.230501 00 
3.34933E 00 
'3.40661E 00 
3.5617E1 00 
3.618508r 00 
3.180831 00 
3.488550 00 
3.969111 00 
4.C9050e 00

q.

-J...THF MATRIX K-EFF IS THE LARGEST ESCENVALUE Of TH4E VADIXI CF FISSION PROBABILITIES 51 
* NfRI LAP N#XMAX *NOYMAX 0 N$10AX UNITS IN AN ARRAVe

!UNIT. . . -.  

-S 

C......

-

*1

0=12w~4dftvýL*h

'F

AVG* K-EFF CEVIATICM MATRIX K-PFF 
WARNING - ONLY 198& INCEPENCENT FISSION POINTS hIP.E GENERATEO.  

I.OOOCOE 00 0.0 0.0 
1.COOCCE 00 0.0 0.0 
6.87917FE'0l 0.0 0.00 
1.279021-01 3.99250-Oa 0.00 

WARNING - CNLV 199 INCEPENDEN7 FISSICN POINTS hIER GENERATEDs 
1.66919e-01 4.52073E-02 0.0 
IS.99152-Cl 3.3431SE-02 0.0 
8.91513f-ol 2.71394E-02 0.0 
1.19955.1-01 2 .35496E-02 0.0 .--..

I.Ms250-01 3. 59801-02 0.0 
l.S0919E-01 1. 14691-02 0.0 
6.68944E-01 1.61262E-02 0.0 
l.90065E-01 1.455361-02 0.0.. * * .  

6.665631-01 1.365511-02 0.0 
6.96174E-01 .1.115461-02 0.0 
6.919611.01. 1.223126-02 0.0 
4.959451-o1 1.20044E-02 0.0 ... -.  

I1*540BE-01 1.1'.441E-02 0.0 
0.92zC~f-01 1.237181-02 0.0 
4.90811F-01 1.149?31-02 0.0 

WdARNING - ONLY IS? INDEPENCENI FISSION POINTS WEREC GENERATEO. 
41.464S961-01 1.119331-02 0.0 
6.1651.01-01 1*130401-02 0.0 
4.49596101 1*0?8261-C2 0.0 
l.91051E-01 1*03594-02 0.0 
1.4115111-O1 1*0'u734F-02 0.0 
S8.1445f-01 1.004116-02 0.0 
8.561191-01 %644904-03 0.0 
1.664171E01 9.25292E-03 0.0 

WARNING - ONLY 190 INDEPENCENT FISSION POINT$1AEhRE GENERATI~o.  

8*626326-01 9.510611-03 0.0 
1.131 121-01 9.212281-03 0.0 
4 .84434F-01 6.96464E-03 0.0 
8.920079-01 8.94405E-03 0.0 
8.115S141-01 go361266-03 0.0 . ..  

1*656541-01 9.06115f-01 0.0 
8.11694E-01 9*006051-03 0.0..  
6.104051-01 9.065631-03 0.0 
se.11344f-01 8.664166-03 0.0 
1.924051-01 96.99651-03 0.0 
1.S28416-01 8.451989-03 0.0
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-u-

".., KIND 123 OP ZX2 CELL 8WR 8X8 NO I .7219 IN PITCH 

_.LIFETIME a 4.926"1F-05 + OR - 1.1001251OS

- - - ' i

GENERaTION TIME - 2.81C26E-05 # Oft - 3.18628E-07

NO. OF INITIAL-..  
- GFNE9ATIONS JVlRAGE 

. -_. SKIPPEn . . K-FFFECTIVE 

--.. .. 0.0S298 4 

... ... 4 . _ 0. e10OT8 

* - . ",... a - ... . ... 0 .1 3 20 4 

I ~ 0.8200S 

0.69290 

- --II .. .0.89414 

S . 2... 0.193e 0 

"*.. ....�IT 0.191oe 

S .O.t S ..  

* .. 3 . ..... 0.12949

6? PEA CENT 
DEVIATION CONPICfECf INTERVAL

CR 
tCA 

CA 

CR 

CR 

CR 

*CR 
* CA 

C CA 

* CR• 

* CR 

* €CR 

.* CR 

* OR -

0.00470 

C.00866 

0.00658 

0.00877 

0.00900 

0.00916 

0.00943 

0.00973 

0.01007 

0.01044 

0.01212 

0.01376 

0.01716 

0.01180

0.68420 

0.86211 

0.88462 

0.09328 

0.88405 

0.88234 

0.88301 

..- 0.88366 

0.88400 

0.88315 

0.8761S

To 0.10168 

TO 0.09944 

TC 0.90117 

TO 0.90082 

TO 0.90204 

TC 0.90066..  

To 0oJ90193.  

TO 0.90312...-.  

TO 0.90421 

To 0.90404 

TO 0.90099

0.88315 T0 0.91066 

0.89014 TO 0092585 

0.91769 TO 0.94129

95 PER CENT CONFIOENCE INTERVAL

0.87559 

0.87345 

0.67605 

0871451 

0.87505 

0.8131? 

0.87365 

0.67394 

0.81401 

0.87271 

0.86462 

0.086939 

0.97228 

0090566

TO 
10 

10 

TO 

10 

10 

10 

10 

lC 

10 

10 

10 

10 

TO

C.91031 

0.90911 

0o91035 

C.90959 

0.91104 

0.90983 

0.91136 

C,91285 -.  

0.9142? 

C091449 

0.91312 

0.92442 

C.94371, 

0.99310

99 PER CENT NUMBER CF 
CONFIDENCE INTERVAL HISTORIES

0.66479 

0.06747 

0.66574 

0. E6605 

0.e6401 

0.86422 

0.86421 

0.16395 

0. 96226 

0.85250 

0.15564

10 0.91907 7000 

TO 0.$1671 6800 

TO 0.91893 6600 

TO 0.91835 6400 

TO C.92004 6200. ..............  

TO 0.S51899 .... 6000.

TC C.12079 ..... 9800.  

11 0.922580 .5600 

TO 0.92434 .-. 5400 ......... .  

TO 0.92493 .... 5200 

TC 0.92524 . 4.. 4200 . .....  

TO 0.13811 3200

0.85443 TO 0.96156.  
0. 89408 TO 0.96490.

2200 
""1200

A 

*1 

� a'.  

'a

'- I.  Cal 

';a..  
�v.

I.

'-I �.- -
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C
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1.

GF R23 CELL RAlo 8*9 NO I .1111 IN PITCH 

FOEOUENCY FCR GbEtoESAICNdS 4. T0 38
C. £ i3 
0.1506 
aegis$ 

801354 

0.1504 
CoIlli 
0.S(18 
G.1114 
0.1#131 
MUDli

6.8.9123 In) C.1904 
0.9501 To 0.1719 
.000718 To 0.I1it 
0.9071 1n 0.S354 

0.93461 To p.Sf10

1 0.7940 In C96223 
1) 0.86123 in 0.1504 

-.0.1506 10 0.1781 
0.818 TO G*SCII 

-. 0.9071 1o 0.5154 
0.9354 111 0.51117 

TO9311 0.1120

Ott., 

94.# 

0*460*99*

6**

FPICUEhCY FOR GCENIUIICNS Is TO 38 

MRQUENCY FOR GEIERAIICKS 11 TO 31

U.  

* 9*e 

9.  
9.

FREQUENCY FOR GEN60PA11CUS 30 TO 38

too 

0* 

00,

* ... S0*9*0*0O** END OF FILE ONd UNIT...5* 9s9

123 0.0 0.0

C .ollisu to 
0.9011 Ini 

-0.9354 inI 

o.&1in 

*.? 0.2PPS TO 
Doe.s"0 10 
C.0768 In o C.1c18 in 
0.93S4 10 
0.9637 TO

ci.  
-- I 

I..  

I.  

� 

I *

Is..

4�.  

C 

0 

C 

Es.

...._ 0 -

C

5.  
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