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ABSTRACT 

The results of the analysis of the GCFR Grid-Plate Shield resign 
Confirmation Experiment are presented. The expe"itr>ent, performed at the 
ORNL Tower Shielding F a c i l i t y , was designed to test the adequacy of methods 
and data used in the analysis of the GCFR design. In par t icu lar , the 
experiment tested the adequacy of methods to calculate (1) axial neutron 
streaming in the GCFR core and axial blanket, (2) trie amount and location 
of the maximum fast-neurron exposure to the gr id p la te , and (3) the neutron 
source leaving the top of the gr id plate and entering the upper plenum. 
Other objectives of the experiment were to ver i fy t; ;e gr id-plate shield
ing effectiveness and to assess the effects of fue : . - - in and subassembly 
spacing on radiation levels in the GCFR. The experimental mockup; con
tained regions representing the GCFR core/blanket rfcipon, the gr id-plate 
shield sect ion, and the gr id plate. Most o r e design options were 
covered by allowing (1) three d i f ferent spar.ings between fuel subassemblies, 
(2) two d i f ferent void fract ions within a subassembly Dy var iat ion of the 
number of fuel pins, and (3) a mockup of a control-rod channel. 

The results were analyzed using the DOT-IV disr.rr .3 ordinates, the 
MORSE Monte Carlo, and various aux i l ia ry computer CO&JS. DOT results 
agreed with measurements taken close behind '.he fuel oi ; and gr id-plate 
shield configurations to wi th in 20' . For detectors distant from those 
conf igurat ions, the DOT results were up to 50" higher thin the measure
ments. The results close J n behind the gr id plate al:r> -howed a (••','• 
overpredict ion. Resjlts for d istant detectors behind -.h- gr id p i ; :;e .ere 
about twice the measured r e s j l t s . The MORSE ^ s u l t s wf r : in good <<< ce
ment close behind the configurat ions, though there was. -,'rious ur.;.''-r-
predict ion close behind the gr id plate. For the d is tan: letecL-r',. :he 
MORSE results were somewhat better than DOT behind the -~w.\ p i ' a. d were 
in exce l le r t agreement with the measurements b<?;iind th - q>-.:d plat ' : . 
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For the GCFR design, the results indicate that methods used in the 
analysis of the GCFR shield design are adequate for most cases. Except 
for locations behind the gr id plate and distant locations behind the 
fuel pins and behind the gr id-plate shields, the agreement between the 
calculated and measured results was much better than the desired 20* 
agreement. An exception was a s l i gh t l y greater than 20°: difference be
tween the calculated a d measured rat ios of the fast neutron fluxes 
behind fue l -p in configurations with interassembly gap widths of 0.318 cm 
and 1.27 cm. The agreement between the calculated and measured fas t -
neutron exposure to the gr id plate was excel lent; the results were well 
wi th in the 10« uncertainty of the measurements. The point on the gr id 
plate at which the fast-neutron exposure was highest was also predicted 
we l l . Regarding the f lux emerging from the gr id p la te , a calculat ion 
using a 150-angie biased quadrature overpredicted the detector responses 
behind the gr id plate by factors of 1.5 to 2.0 (pa r t i a l l y due to over-
prediction of the forward-peaked angular f lux leaving the fuel p ins) . 
A calculat ion wi th a quadrature (S 1 C ) frequently used in past design 
calculat ions, underpredicted the sa.re responses by factors of 4.0 to 
12.0. By analyzing the behavior of both quadratures, i t was estimated 
that the design calculations underpredicted the neutron transmission 
through the gr id plate by no more than a factor of 4.0. This implies 
a correction factor of 4.0 for radiat ion levels in the GCFR upper plenum. 
Since most calculated design radiation levels were more than a factor of 
4.0 below the design constraints, the corrective factor may be accomo
dated w^th l i t t l e , i f any, redesign. 
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ANALYSIS OF THE ORNL/TSF GCFR GRID-PLATE SHIELD 
DESIGN CONFIRMATION EXPERIMENT* 

C. 0. Slater, S. N. Cramer, ard D. T. Ingersoll 

EXECUTIVE SUMMARY 

In the proposed 300-MW(e) Gas-Cocled Fast Breeder Reactor (GCFR) 
demonstration plant,1 the grid plate is the supportive structure for the 
fuel and blanket subassemblies which are suspended below it. Perkins and 
Cerbone2 have stated that it is "essential that adequate shielding be pro
vided to assure the structural integrity of the grid plate for the life 
of the plant." The shielding is said to be adequate when all design con
straints are met. The calculations, however, are subject to uncertainties 
which, in systems involving radiation transmission through thick shields, 
can be quite substantial. To determine the uncertainties in the design 
calculations of neutron transport through the grid-plate shields and the 
grid plate, the GCFR Grid-Plate Shield Design Confirmation Experiment was 
performed at the Oak Ridge National Laboratory (ORNL) Tower Shielding 
Facility (TSF). 3 The experiment has as its main purpose the verification 
of methods used in the analysis of the GCFR grid-plate shielding design. 
Toward that end, the experiment was designed to verify the ability of 
methods used in the analysis of the JCFR shield design to calculate (1) 
axial neutron streaming in the GCFR core and axial blanket for a range 
of fuel-pin and subassembly spacings, (2) the magnitude and the location 
of the peak fast-neutron exposure to the grid-plate, and (3) the angular 
and energy distribution of the neutrons leaving the top of the grid 
plate and entering the upper plenum. Having accomplished the three objec
tives, the arid-plate shield design itself would be confirmed. 

The experimental configurations were designed to provide a reasonable 
mockup of the GCFR design from the reactor core through the grid plate. 
The core was modelled by seven fuel-pin subassemblies which were surrounded 
by steel-lined concrete in order to have enoiigh neutron reflection to sim
ulate a seni-infinite fuel-pin array. The configurations were designed 

•Research sponsored by the Division of Reactor Research and Technol
ogy of the Department of Energy under contract with Union Carbide Corp. 
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with a concrete shadow shield between the Tower Shielding Reactor (TSR) 
and the fuel pins so that the TSR neutron beam was scattered onto the 
fuel pins. This assured that the dominant neutron source for subsequent 
additions to the core configurations emanated from the fuel pins. The 
grid-plate shields were nearly prototypic of those for the GCFR design. 
The grid-plate thickness and the grid-plate penetrations were also based 
on GCFR design specifications. 

Measurements were taken behind the configurations using fast-neutron 
spectrometers (NE-213 and hydrogen counter) and integral detectors (the 
Hornyak button and Sonner balls). The spectrometers and Bonner ball 
detectors provided data for absolute comparisons with the measurements. 
The Hornyak button, on the other hand, provided data for comparisons 
requiring high spa+ial resolution. 

The calculate..i were performed using the discrete ordinates method 
on two-dimensional models of the configurations and using the Monte Carlo 
method or, near-exact three-dimensional models. The results showed that 
the calculations agreed to within 20% with the measurements close behind 
the fuel pins and the grid-plate shields, while they agreed to within 60% 
close behind the grid plate. It was demonstrated that better agreement 
could be achieved through usage of a refined radial space mesh in the 
fuel-pin region of the calculational model. The peak fast-neutron flux 
measured behind the grid-plate shields in the absence of the grid plate 
was calculated to within 5%, well within the 10% uncertainty in the meas
urements. The measured and calculated results tend to indicate that the 
location of peak exposure to the grid plate is at the center of the gap 
between subassemblies. However, the presence of the grid plate could 
shift the location. The calculation with the grid plate present still 
showed the peak to be at the center of the subassembly gap. The measure
ments showed a maximum peak-to-minimum fast-neutron exposure ratio of 1.5, 
while the calculations showed a maximum ratio of 1.3. The flux-peaking 
problems in the grid plate are not serious. 

The methods proved adequate for calculating axial neutron streaming 
within the GCFR core and axial blanket. Calculated results close behind 
the fuel pins generally agree with the measured results within 6%. The 
calculated results showed that the neutron leakage and all detector 
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responses varied by less than 5% when the interassembly gap width was 
changed from 0.318 cm to 1.27 cm. The measured 5 - in . Bonner ba l l count 
rate and the Hornyak button response respectively indicate a difference 
of 8% i n the to ta l f lux and 28% in the E > 1.0 MeV f lux when the gao 
width i s l ikewise varied. The 28% difference in the fast fluxes for the 
two gap widths does not cause concern because measurements taken about 
2 cm from the end of the fuel pins showed less than a 5% difference on 
the center l ine and about 8% behind the interassembly gap. These percentage 
differences are comparable to those calculated at 30.5 cm behind the 
fuel pins. The calculat ion may have some problems wi th the gap between 
the l i ne r and the subassemblies (peripheral gap) when the subassemblies 
are spaced 0.318 cm apart. The peripheral gap i s then 1.59 cm compared 
to 0.635 cm when the subassemblies are spaced 1.27 cm apart. 

The e f fec t of fue l -p in spacing on neutron streaming in the fuel -p in 
array was determined by comparing neutron leakages from heterogeneous and 
homogeneous calculations of a par t icu lar conf igurat ion. The streaming 
ef fect was found to be 9% to 11% for subassembly void fract ions between 
44.5% and 60.2%. Such increases in neutron leakage from the GCFR core 
were found to require about a 0.25% increase in the GCFR f i s s i l e inven
tory calculated with a homogeneous core model. 

The methods also proved adequate for calculat ing the peak fas t -
neutron exposure to the gr id p la te . As mentioned before, the results 
were well w i th in the 10% uncertainty of the rr isurements. The measured 
peak fast-neutron exposures to the gr id plate were examined and found to 
increase nonlinearly with increasing gap width. For example, peak expo
sures were in the ra t i o of 1.55:1.15:1.0 fo r gap widths of 1.27, 0.635, 
and 0.3175 cm respectively. While there was a 28% difference in the 
measured Hornyak button response behind the fuel pins for subassembly 
gap sizes of 0.635 and 1.27 cm, there was a 55% difference observed 
behind the gr id-p la te shie ld. The peak-to-minimum fast-neutron exposure 
rat io was found to increase nonlinearly with increasing gap width. 

The methods were somewhat lacking in the i r a b i l i t i e s to calculate 
the angular and energy d is t r ibu t ion of neutrons leaking from the top of 
the gr id p late. The Monte Carlo method did well in calculat ing the 
integral detector responses 305 cm behind the gr id plate but underpredicted 
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results close behind the gr id plate. The discrete ordinates results 
were sensitive to the quadrature used in the ca lcu lat ion. The highly 
biased 150-angle quadrature, used in most of the experiment calculat ions, 
gave results which were factors of 1.5 to 2.2 times the measured resul ts . 
Part of the overprediction iray have been due to a factor of 1.5 over-
prediction in the fluxes 305 cm behind the fuel pins. This translates 
to an overprediction in the forward-peakei angular x luxes. The forward-
peaked angular fluxes from the fuel p - is became more important as the 
source was colli inated by the holes in the gr id-p late shields and the 
grid plate. Thus the factor of 1.5 overprediction was propagated from 
the core through the grid p late. The calculated energy spectrum was 
reasonably close to the measured .pectrum except for the normalization. 
A lower order S i 0 symmetric quadrature gave resul ts which underpredicted 
fluxes close behind the gr id plate by factors of 4.0 to 12.0. I t was 
estimated that th is quadrature, when used in design calculat ions, may 
underpredict fluxes in the 6CFR upper plenum by factors of 2.5 to 4.0. 
In the past the upper axial shield design has met constraints with a 
margin su f f i c ien t to allow for the application of such mul t ip l ica t ive 
factors to the calculated radiation levels . 

In conclusion, the calculations were able to predict radiation levels 
at the important positions wi th in the GCFR shield design. In par t icu lar , 
the flux leaving the fue l -p in region and the peak fast-neutron exposure 
to the grid plate were calculated wi th in the 10% measurement uncertainty. 
Streaming effects due to subassembly gap width were found to have a large 
ef fect on the peak fast-neutron exposure to the gr id plate. F ina l ly , i t 
wis determined that discrete o rd ina te calculations of neutron transport 
through the gr id plate were sensitive to the quadrature. I t was estimated 
that a quadrature frequently used in past design calculations could at 
worst be underestimating neutron fluxes in the GCFR upper plenum by 
factors of 2.5 to 4.0. The factor of 2.0 overpredictioi: uulaii:ed using 
the biased quadrature, is probably an upper bound to the uncertainty in 
the calculations of the neutron leakage from the GCFR gr id plate. 
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The analysis of th is experiment has followed recommended practices 
for the implementation of required DOE and/or other Quality Assurance 
Standards. By o f f i c i a l agreement, the GCFR program follows ANSI N45.2. 
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1.0 INTRODUCTION 

The major support for the c c e of the 300-HW(e) Gas-Cooled Fast 
Breeder Reactor (GCFR) demonstration plant1 comes from the GCFR grid 
plate. The grid plate is intended to be a lifetime component and as 
such must maintain its structural integrity throughout the plant life
time. 2 Since exposure to a sufficiently high fast-neutron fluence can 
significantly change the mechanical proDerties of the grid plate, it is 
necessary that the fast-neutron fluence be limited to an acceptable level 
through Li,e audition of shielding at strategic locations. The determina
tion of the neutron-flux levels and the adequacy of the shielding gener
ally rests with calculations. The calculations, however, have been subject 
to uncertainties which, in systems involving radiation transmission through 
thick shields, could be relatively large (a factor of two or greater). 
To determine the degree of uncertainty in the calculated neutron fluence 
at the GCFR grid plate and to assess the adequacy of the grid-plate shield, 
the GCFR Grid-Plate Shield Design Confirmation ExDeriment3 was performed 
at the 0c.k Ridge National Laboratory (0RNL) Tower Shielding Facility (TSF). 
The chief objective of the experiment was the verification of methods used 
in the analysis of the GCFR shield design. In particular, emphasis was 
placed on verifying the ability of the methods to predict (1) the energy 
and angular distribution of neutrons leaving the axial blanket (i.e., the 
ability to calculate neutron streaming in pin geometry), (2) the maximum 
fast-neutron exposure to the grid plate as well as the location of and 
the energy spectrum at the point of maximum exposure, and (3) the energy 
and angular distribution of neutrons leaving the top of the grid plate. 
The ability to calculate with a certain precision neutron transport in 
the prototypic experimental configurations would indicate an ability to 
calculate neutron transport within the GCFR design with a similar preci
sion. 

The experiment covered a range of design options by the inclusion 
of a variable fuel-pin pitch and subassembly pitch in the experimental 
program pian. Design calculations have shown variations in fuel-pin and 
subassembly pitch to have significant effects on axial neutron streaming. 
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By covering a large portion of the range of fue l -p in and subassembly 
pitches considered in the design, the experiment bracketed the effects 
of streaming for the most l i ke l y design parameters. 

This report describes the results of the analysis of the experiment 
and presents some implications for the GCFR design. 

2.0 EXPERIMENTAL CONFIGURATIONS 

The experimental program plan (EPP) is included in Appendix A. Sec
tions I I through VI and the i r associated subsections ( i . e . , A, B, C, e tc . ) 
give br ie f descriptions of the various configurations. The experimental 
configurations described in Sections VII and V I I I were designed to give 
a d i rect measurement of the streaming ef fect for rod or uin arrays by 
comparing results from the heterogeneous configuration with those from 
the equivalent homogeneous configurat ion. A l l of the configurations were 
surrounded by s tee l - l ined concrete. Descriptions of configurations 11—VI 
are presented in Table 1 and in the fol lowing sections. 

2 . 1 . Internal Components 

The experimental configurations have four basic internal components: 
(1) the ruel-pin subassembly, (2) the hexagonal gr id-plate sh ie ld , (3) the 
cy l indr ica l gr id-p la te sh ie ld , and (4) the gr id p late. Figure 1 shows the 
fuel-p in subassembly. Each is about 122 cm long and contains ei ther 91 
or 127 1.27-cm-diam fuel pins. The subassemblies containing the 127 pins 
contained spacers so that the pins could be spaced at ei ther 1.27 cm, 
0.635 cm, or 0.3175 cm apart. The only spacing for the subassemblies 
containing 91 pins was i.27 cm. 

Figure 2 shows the hexagonal gr id-plate shield. The external dimen
sions of the shield closely approximate those of the GCFR moderate pres
sure drop design (220 kPa). The B̂ C density (average 76.7« theoretical 
density) and the steel are d i f ferent from design speci f icat ions, but the 
preanalysis showed the shield design for the experiment to be essent ial ly 
equivalent to that for the GCFR demonstration plant as far as neutron 
transport and shielding effectiveness are concerned. The cy l indr ica l 
gr id-plate shie ld is shown in Fig. 3. Again the B,(C density and the 
steel are d i f fe ren t from design speci f icat ions. But by the previous 
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Table 1. A Description of tne JCFP Grid Plate 
Shield Experiment Configurations* 

Configuration Description 

II.A Empty cavity nidden by concrete shadow shield 
and surrounded by steel-lined concrete 

11.8 11.A plus seven subassemblies spaced 1.27 cm 
apart and containing 127 fuel pins per sub
assembly 

II.C II.S plus steel-lined concrete section for 
grid-plate shields 

II.D II.C plus seven grid-plate shield subassemblies 
spaced 1.27 cm apart 

II.E 11.0 plus a 61-cn-thick stack of iron plates 
located 15.24 cm from the grid-plate shields 

II.F II.D followed by the prototypic grid-plate 
mockup 

III.A II.A plus seven subassemblies spaced 0.635 cm 
apart aMi containing 127 fuel pins per sub
assembly 

III.8 III.A pius seven grid-plate shield subassemblies 
spaced 0.63^ cm apart 

III.C III.B plus a 61-cm-thick stack of iron plates 
Seated 15.24 cm from the grid-plate shields 

IV A II.A plus seven subassemblies spaced 1.27 cm 
apart and containing 91 fuel pins per sub
assembly 

IV.B IV.A plus seven grid-plate shield subassemblies 
spaced 1.27 cm apart 

IV.C IV.B plus a 61-cm-thick stack of iron plates 
located 15.24 cm from the grid-plate shields 

V.A IV.A minus seven fuel pins from the center of 
the central fuel subassembly 

V.B IV.B minus seven fuel pins from the center of 
the central fuel subassembly 

VI.A II.A plus seven subassemblies spaced 0.318 cm 
apart and containing 127 fuel pins per 
subassembly 

VLB VI.A plus seven grid-plate shield subassemblies 
spaced 0.318 cr. apart 

•Note that all components--the fuel pin subassemblies, the grid-plate 
shield subassemblies, and the grid plate--are surrounded by concrete 
in the radial direction. 
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argument, the shield effectiveness is believed \_o be nw'iy equivalent 
to that of the design shield. The grid plate is a';so sh *n in Fig. 3. 

2.2. Basic Configurations 11.A 

The basic configuration, which is a part ot all conft ovations, is 
the steel-lined concrete structure shown in Fig. 4. Two s eel liners form 
a cylindrical annulus down which neutrons stream from the l-K^r Shielding 
Reactor (TSR) before they are scattered from *he concrete o;.tc- the fuel 
pins. An 18-sided, 122-cm-long, 0.95-cro-thick steel liner svaports the 
shadow shield and fonns the cavity into which the fuel subassemblies are 
inserted. The shadow shield prevents TSR neutrons that would stream be
tween the pins with few collisions from being the dominant contributors 
to detector responses behind the configuration: The main SQ.-CS is 
directed around the shadow shield and scatters in directions *>r~b are 
nearly perpendicular to the pins. 

Fig. 4. The 8asic GCFR Grid-Plate Shield Experiment Configuration 
11.A with Empty Core Cavity. 
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2.3. Other Configurations I I 

Add seven fuel subassemblies spaced 1.27 cm apart and curtaining 
127 fuel pins per subassembly to Configuration I I .A and one nets Config
urat ion I I .B as shown in F ig. 5. Configuration I I .C : s fome-1 by addit ion 
of the next section of concrete with empty cavi ty to Configuration I I .B 
as shown in Fig. 6. Next the gr id -p la te shield section w i y shields 
spaced 1.27 cm apart is added to Configuration I I .C tc torn Configuration 
I I .D as shown in Fig. / . Configuration I I .E in Fig. 8 Mis a 61-cm-thick 
stack of steel plates 15.24 cm from the end of Configuration I I .D . 
Figure 9 shows Configuration I I . F with a 63.5-cm-thick stack of steel 
p'ates with seven holes in to which the cy l indr i ca l g»'id-plate shields 
are inserted (see Fig. 3). The cy l indr ica l gr id-p la te shields are aligned 
with the hexagonal gr id-plate shields of Co f igurat ion I I . D . 
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Fig. 8. Sketch of GCFR Grid-Plate Shield Experiment Configurations 
with the Solid Carbon Steel Plates IE.24 cm Behind the Grid-Plate Shield 
Section (Configurations I I . E , I I I . C , and IV.C). 

9. Sketch of GCFR Grid-Plate Shield Experiment Configuration 
tne Prototypic Grid Plate. 
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2.4. Configurations H I 

Configurations III are characterized by subassemblies which contain 
127 fuel pins each and which are spaced 0.635 cm apart. Otherwise they 
are like Configurations II with III.A corresponding to II.B (Fig. 5); 
III.B corresponding to II.D (Fig. 7); and III.C to II.E (Fig. 8 ). 

2.5. Configurations IV 

Configurations IV are characterized by subassemblies which contain 
91 fuel pins each and which are spaced 1.27 cm apart. Otherwise they 
are also like Configurations II with IV.A corresponding to II.B (Fig. 5): 
IV.B corresponding to II.D (Fig. 7); and IV.C corresponding to II.E 
(Fig. 8). 

2.6. Configurations V 

Configurations V.A and V.B correspond respectively to Configurations 
IV.A and IV.B with seven fuel pins removed from the center of tne central 
fuel subassembly. 

2.7. Configurations VI 

Configurations VI are characterized by subassemblies v.hich have 127 
fuel pins each and which are spaced 0.3175 cm apart. Configuration VI.A 
is s imi lar to I I .B (Fig. 5) and VI B is s imi lar to I I . 0 (F ig. 7) . 

3.0 DETECTORS 

The EPP in Appendix A l i s t s a l l detectors with which measurements 
were to be taken and, where possible, the location of the detector behind 
a given conf igurat ion. Most measurements were taken with the 2 - in . Cd-
covered and 5 - i n . Bonner ba l ls and with ei ther a 0.635-cm-diam or a 1.27-
cm-diam Hornyak button. Selected measurements were taken with the 2 - in . 
bare, 3 - i n . , 6 - i n . , 8 - i n . , 10- in . , and 12-in. Bonner bal ls and the NE-213 
and hydrogen counter spectrum detectors. Response functions in the 51-
group structure for the Hornyak button and a l l Bonner bai ls except the 
bare one are given in Appendix B. R. E. Maerker1* indicates a response-
function uncertainty of 5% for the 2- in . Cd-covered and 3 - in . Bonner 
ba l l s ; 10% for the 5 - in . and 6- in . Bonner ba l l s ; 15% for the 8 - in . and 
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10-in. Bonner balls; and 25^ for the 12-in. Bonner ball. Major sources 
for the uncertainty are the upscattering effects in polyethylene and the 
thickness and density of the polyethylene. 

The Bonner ball consists of a 5.08-cm-diam sphere filled with BF 3 

gas (boron-enriched to about 961 1 0 B by weight) at about 0.5 atm, and 
this sphere may be surrounded with (1) nothing (bare), (2) a 0.038-cm-thick 
sheet of cadmium (Cd-covered), or (3) a polyethylene spherical shell 
covered with a 0.038-cm-thick sheet of cadmium. As the polyethylene 
thickness is increased, more of the fast neutrons will be detected since 
they will be slowed down in the polyethylene and captured in the BF.. 
The 5-in. Bonner ball response function is nearly unity over much of the 
energy range; hence its recorded count rate is nearly equal to the total 
neutron flux above 0.4 eV when that flux is expressed in the same time 
units as the count rate. 

The Hornyak button is a thin disk of lucite in which silver-activated 
zinc sulfide [ZnS(Ag)] phosphor particles have been uniformly suspended. 
The di-'- S mounted on a phototube which detects light pulses (scintilla
tions) mainly i'rom neutron-induced proton recoils which interact with 
the phosphor. A threshold voltage or pulse height setting, set to dis
criminate against pulses resulting from gaiona rays, allows only recoils 
above a certain energy to be detected. The direct result one gets is a 
count rate which one would like to convert to some more convenient inte
gral quantity such as neutron flux or dose rate. At the TSF the count 
rate is converted to an energy deposition rate by means of calibration 
factors obtained by exposing the Hornyak button in a known neutron field 
and obtaining a correspondence between count rate and energy deposition 
rate. 

The Hornyak button response function is taken to be a free-in-air 
tissue kerma since the calibration factor is traditionally determined by 
relating the energy deposition (in tissue or polyethylene) to a count 
rate with a known source (Po-Be, Po-B, ? s ? C f , etc.). s All groups with 
energies below the bias setting on the measuring equipment have zero 
response. The main purpose of the Hornyak button was to have a detector 
with great spatial resolution in order to observe streaming in the gap 
between fuel subassemblies. Its absolute calibration was difficult. 
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Part of the problem stems from the fact that the calibration factor was 
determined at a 6V pulse height setting (PHS), while the actual measure
ments were made with a 35V PHS to bias out gamma-ray contributions. At 
the 6V setting, the lowest contributing neutron energy was estimated to 
be about 100 keV. No estimate could be made for the 35 V setting. Also, 
the differences in the neutron spectrum between the calibrating source 
and the neutron spectrum from the configurations could contribute to the 
discrepancy since Ref. 5 has shown up to 25« difference in the energy 
deposition in ethylene using Po-Be and Po-B neutron sources. 

4.0 NEUTRON SOURCE 

The neutron source for the experiment is provided by the Tower 
Shielding Reactor (TSR-II). In a manner similar to that described by 
Maerker,6 the angular flux on the spherical surface cf the reactor is 
projected onto a disk (equivalent two-dimensional source) so that it may 
be used in two-dimensional transport calculations. The source for the 
first part of the experimental configurations is a boundary source at 
the interface of the shadow shield and the TSR iris. Figure 10 shows 
the two-dimensional model plus the location of the boundary source used 
to start the calculation and the location of the output boundary source 
for calculations of the experimenta1 configurations. Note that the out
put boundary source comes from an interior axial interval so that in suc
ceeding calculations the input source can be an exterior boundary source 
(bottom boundary in these cases). 

The boundary source calculation was performed with the code DOT 3.5 
(ref. 7). The code which projects the angular flux from the spherical 
surface onto the disk is listed in Appendix C. Like Maerker's code,^ 
this code computes the angular flux only at the given quadrature direc
tion. The calculation used 51 neutron groups, a 150-direction quadrature 
set, and P- cross sections. The group structure and quadrature ?"e given 
in Appendix D. 

Calculations through the grid-plate shields and the grid plate used 
boundary sources calculated in preceding portions of the configurations. 
The FACT() code was used to make angular and spatial mesh changes in :he 
source. Since FACT was written for use with the DOT-III code, boundary 
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the Source for the Analysis of the GCFR Grid-Plate Shield Experiment 

sources output from DOT-IV have to bo preprocessed before being input 
to FACT. Simi lar ly , the output sources from FACT have to be postprocessed 
before being input to DOT-IV. The processing involves removing header 
records and leaving only angular fluxes in a oosit ive or negative eta-
or mu-direction when the source is input to FACT end adding header 
records and padding the angular f lux arrays with zeroes f c a source 
input to DOT-IV. Codes to perform these operations were user wr i t ten 
and were specif ic to the particular calculat ion. 
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5.0. CALCULATIONS MODELS 

5.1. Two-Dimensional Model 

Material boundaries of irregular shape occurred mainly in the radial 
direction. These were cylindricized while conserving the volume contained 
within the boundary. In the fuel pin region, boundaries were determined 
by the envelope surrounding the outer six fuel subassemblies and by the 
interior envelop? of these six subassemblies, in both cases excluding the 
void gap that sets them apart either from the concrete liner or from the 
central fuel subassembly. The six interior walls were converted to an 
equivalent cylinGrical ring of steel, and the cuter 18 were likewise con
verted. The remaining 12 walls ./ere assumed to be intimately mixed with 
the fuel pins of the outer six subassemblies. The duct wail of the cen
tral subassembly also was converted to an equivalent cylinder. After the 
establishment of those major boundaries, the fuel-pin regions were sub
divided, according to their respective volume fractions, into alternating 
fuel and void rings with the code RODFRAC shown in Appendix C. 

In the shield region, the tapered, hex-shaped shields are converted 
to equivalent cylindrical, stepped shields with equal shield thickness on 
either side of the void. The outer six shields in both the shield region 
and grid-plate region extend the full 360 degrees and thus have narrower 
shield openings than the actual shield. Figure 11 shows the actual geom
etry and an equivalent 2-D geometry fo - the central grid-plate shield. 
It shows the circular cross section and the steps used to mock up the 
tapered section of the shield. 

The spatial mesh boundaries and major convergence parameters used 
in the calculation of selected configurations are shown in Appendix E. 
Also shown are geometry plots generated using the 8$ and 9$ array from 
the DOT input with a minor modification to the 9$ array of Configuration 
II.F so that the steel of the grid-plate shield would be separated from 
the steel of the grid plate. The group structure, Quadrature, and fis
sion spectrum, a-; previously stated, are in Appendix D. 
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and a Two-Dimensional Approximation to that Geometry. (The tapered 
portion of the shield is first approximated by stepped hexagons and 
then converted to stepped cylinders.) 

5.2. Three-Dimensional Model 
The geometry was mocked up almost exactly with a 1/12th segment of 

the geometry and the proper reflective boundary conditions. Cladding and 
fuel regions were included for each fuel pin. A minor approximation was 
made when the end spacer plates were considered as homogeneous mixtures 
of carbon steel and aluminum rather than a carbon-steel plate penetrated 
by aluminum pins. The boundary source impinging on these configurations, 
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however, remained two-dimensional. This was also thought to be a minor 
approximation. 

6.0. CALCULATIONAl METHODS 

6.1. Two-Dimensional Calculations 

Calculations in two dimensions were performed using discrete ordi-
nates transport theory. Either discrete ordinates theory or an auxiliary 
technique was used to compute responses at detectors within the void 
behind the configurations. In the discrete ordinates method, the energy, 
space, and direction variables are represented by a finite number of bins 
or discrete variables for which fluxes are computed. The number of dis
crete variables is limited by computer storage and computation tin:e con
siderations. Because of the narrow streaming gaps among the fuel pins, 
the quadrature is probably the most crucial variable as far as calculating 
the experiment. 

Since the method is two-dimensional in its space and energy variables, 
one must introduce certain approximations in order to calculate three-
dimensional systems. These approximations have to be made starting with 
the reactor source configuration and going through the experimental con
figuration. The results should be as good as the approximations made. 

The two-dimensional method using cylindrical r-z geometry has the 
advantage of providing detailed energy, angular, and spatial data at 
reasonable cost when compared to three-dimensional methods. Localized 
three-dimensional effects can then be studied using sources from the two-
dimensional calculation and only a portion of the geometry. 

6.2. Three-Dimensional Calculations 

The three-dimensional calculations were exclusively Monte Carlo 
calculations. These calculations used output from the two-dimensional 
calculations as starting sources. The Monte Carlo method has the advan
tage that the geometry can, in theory, be mocked up exactly. In practice, 
however, only those parts of the geometry to which the desired response 
is thought to be most sensitive receive such careful consideration. 

The method appears to work well in fixed-source-only or fission-
source-only problems. However, problems with both fixed and fission 
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sources appear to have difficulty converging the fission-source distribu
tion, especially when the fission region is a large distance from the 
fixed source. The three-dimensional calculations reported herein have 
relied on boundary sources and fission-source distributions supplied by 
the two-dimensional calculations in order to avoid the aforementioned 
difficulties. 

The particular Monte Carlo method used also has some of the same 
limitations as the two-dimensional method. The energy structure has been 
discretized and the scattering angle in collisions has been limited to 
discrete values based on the truncated cross-section expansion. The 
elastic scattering energy-loss scattering-angle relationship has been 
lost with the use of a group energy structure rather than a continuous 
energy structure. On the other hand, the method was not sought on the 
basis of a continuous energy and angle treatment. Rather it was chosen 
for its exact or near-exact treatment of the spatial variable. 

While the method relies on sources from the two-dimensional method, 
it i-s still able to give an estimate of the effect of the two-dimensional 
approximations in the geometry on the spatial distribution of the neutron 
flux within the configuration beyond the source. 

7.0. RESULTS 

7.1. Configurations II 

7.1.1. Configuration II.A 
The first calculation performed was for the basic configuration, 

II.A, with steel-lined concrete surrounding an empty cavity. Because of 
the way the configuration is designed, this particular calculation appears 
to be the analysis of neutron streaming down a stepped, plugged, steel-
lined concrete duct. 

The calculation used 51 neutron groups, P3 cross-section expansion, 
and a 150-direction, biased quadrature set. 

Two sets of measurements were taken for this configuration: ("1) 
axial traverses along the center!ine of the cavity, and (2) radial trav
erses 30.5 cm behind the configuration. Calculations were performed with 
the DOT-IV9 2-D discrete ordinates code and the MORSE 1 0 Monte Carlo code. 
A comparison of calculation with measurement is shown in Fig. 12 for the 
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Shield Experiment Configuration 11.A. 

axial traverse. Figure 12 shows relative responses for the 1.27-cm-diam 
Hornyak button and the 2-in. Cd-covered and 5-in. Bonner balls. Also 
shown are absolute values at the point closest to the shadow shield in 
units of ergs-g'^h'^W" 1 for the Hornyak button and counts^min'^W"1 

for the Bonner balls. 
While the shapes of the DOT-IV (or simply DOT) calculated curves 

agree well with the measured shapes, the calculated absolute values are 
all higher than ,.ie measured values. The Hornyak button results are high 
by 45%; the 2-in. Cd-covered Bonner ball results are high by 30%; and the 
5-in. Bonner ball results are high by 55%. The discrepancy between cal
culation and measurement, while not excessively large, is higher than the 
self-imposed criterion of "less than 20% discrepancy" being considered 
good agreement. 
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Since the 150-directidi set was biased in the forward direction, it 
was thought that the calculation employing it would have difficulty in 
transporting neutrons in the outer void ring, through the 90-degree turn 
into the central cavity and then through another 90-degree turn to either 
exit or impinge on the shadow shield (see Fig. 4). Consequently, the cal
culation was redone with a symmetric 96-direction quadrature set. The 
results were essentially the same as for the 150-direction calculation. 
Other possible explanations for the discrepancies are to be found in a 
later section. 

The MORSE results are generally in good agreement with the DOT 
results except near the shadow shield, where they are close to the meas
ured results. This seems to say that the 20 approximation is adequate 
and the source of the discrepancy lies either in the source or in the 
concrete composition since MORSE used a DOT-generated source. 

The comparisons between calculations and measurement for radial 
traven.es 30.5 cm behind the configuration are shown in Figs. 13, 14, and 
15 for the Hornyak button and the 2-in. Cd-covered and 5-in. Bonner balls, 
respectively. (Note: On these and similar figures, the 2-D and actual 
geometries have been drawn to scale in abscissa units. The 2-D geometry 
is the upper cne.) The results show the same discrepancies as the axial 
traverses for the portion of the traverse behind the empty cavity, though 
there is closer agreement between calculation and measurement behind a 
portion of the concrete (i.e., about 25 cm of concrete adjacent to the 
steel liner). Again the MORSE results agree with the DOT results. (Note 
that in these and succeeding radial traverse plots, the MORSE data point 
at r = 0 has been plotted away from the axis so that it and its error 
bar may be seen clearly.) 

7.1.2 Configuration II.B 
This configuration is designed such that the neutron source emerging 

from the fuel pins closely approximates that from a GCFR axial blanket at 
equilibrium. The subassemblies are spaced 1.27 cm apart. The fuel-pin 
spacing gives this configuration a void fraction per subassembly of 44.5%. 
This is near the void fraction found in the GCFR high-pressure-drop design 
(290 kPa). Measurements behind the fuel pins were made for the purpose 
of defining the source leaving the axial blanket region and entering the 
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grid-plate shield region. Radial traverses were made at 30.5 and 305 cm 
behind the configuration, and a neutron spectrum measurement was made on 
the axis 138.1 cm behind the configuration. The location of the latter 
measurement was determined by the flux level at which the detector could 
operate rather than being arbitrarily set in the experimental program plan 
(Appendix A). Bonner ball measurements were also made at 138.1 cm. Com
parisons of the results for the radial traverse 30.5 cm behind the config
uration are shown in Figs. 16, 17, and 18 for the 1.27-cm-diam Hornyak 
button and the 2-in. Cd-covered and 5-in. Bonner balls, respectively. 
The respective comparisons for radial traverses 305 cm behind the con
figuration are shown in Figs. 19, 20, and 21. 

The DOT-calculated 2-in. Cd-covered aid 5-in. Bonner ball results 
at 30.5 cm behi.id the configuration appear to agree well with the meas
ured results. On the other hand, the DOT/DISKTRAN11 calculated results 
at 305 cm behind the configuration are much higher than the measurements. 
The 1.27-cm-diam Hornyak button results are as much as 87% higher directly 
behind the pins and 29% to 36% higher behind the concrete. The 2-in. Cd-
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covered Bonner ball results are as much as 63% higher directly behind the 
pins and 25% to 35% higher behind the concrete. The corresponding numbers 
for the 5-in. Bonner ball are as much as 422 higher directly bPhind the 
fuel pins and 13% to 15% higher behind the concrete. Thus, at 305 cm 
behind the configuration, the calculated 5-in. Bonner ball results behind 
the concrete are acceptable, while the results behind the fuel pins and 
the results for the other two detectors are not acceptable. 

The better Monte Carlo calculation for this configuration was actu
ally a combination of two calculations. The first was a fixed-source 
calculation using the boundary source generated in the DOT calculation. 
The second was also a fixed-source calculation using a fission source 
distributed within the fuel pins according to the DOT fission density. 
Only source positions within the fuel pins were used. The results were 
combined by multiplying the separate results for a unit source by the 
total source for each and adding the two results. The Monte Carlo cal
culation with fission led to results that varied widely according to 
batch size and the number of batches, even though the total number of 
histories was nearly the same in the "large batch size" case and in the 
"la-ge number of hatches" case. Besides, a Monte Carlo calculation in 
which a source is incident on o^e end of the fuel pins has much diffi
culty in generating the correct fission distribution within the fuel pins. 

Detector responses were calculated at 30.5 and 305 cm behind the 
configuration at 0, 20, and 40 cm from the centerline of the configura
tion. The points are plotted, along with the corresponding DOT and meas
ured results, in Figs. 16-21. At 30.5 cm behind the configuration, the 
statistical mean responses are 18 to 21% higher than the measurements for 
the Hornyak button, 4 to 7% higher for the 2-in. Cd-covered Bonner ball, 
and 3 to 5% higher for the 5-in. Bonner ball. The differences are larger 
at 305 cm behind the configuration. There, the Hornyak button response 
is higher than measured by 27 to 64% (27% at 0 cm); the 2-in. Cd-covered 
Bonner ball count rat? is higher by 6 to 22% (22% at 0 cm); and the 5-in. 
Bonner ball count rate is higher by 4 to 21% (21% at 0 cm). Though the 
statistical uncertainties are large in most cases (20 to 38%), the sta
tistical mean values certainly compare favorably with the measured values 
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(except, of course, the Hornyak button results 305 cm behind the config
uration). The agreement is much better than tnat achieved with DOT. 

The Monte Carlo calculations used a point detector estimation proce
dure developed especially for geometries which contain certain symmetries 
and which are mocked up with a repeating segment on which specularly 
reflective boundaries have been imposed. The good agreement of the Monte 
Carlo results with the measured results confirms the correctness of the 
estimation procedure. 

The DOT-calculated and the measured neutron spectrum 138.1 cm behind 
the fuel pins are compared in Fig. 22. The energy range of the NE-213 
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part of the spectrum is from 0.8 to 15 MeV. The hydrogen counter spec
trum is in three parts, with energies between 0.08 and 1.5 MeV. Good 
agreement between the calculated (with DOT) and the measured spectra is 
evident. The measured flux was integrated over energy in the ranges 0.9 -
15 MeV and C.12 - 15 MeV. Those integrated fluxes a«d the measured 3-in., 
6-in., and 10-in. Bonner ball count rates are compared with the calculated 
results in Table L'. It is seen that the calculated results agree well 
with the measured results, particularly the high-enerny neutron fluxes. 
The good agreement here tends to indicate a difficulty in the hornyak 
button normalization since it shows disagreement, while the Bonner balls 
and spectrum detectors show good agreement. 

Table 2. Comparison of DCr/DISKTRAN-Calculat^d and Measured 
Detector Responses on the Centerline 138.1 C B Eehind 

Configuration II.B 

Response 
Response Type Calculated Measured C/E 

Bonner ball (counts/oin-W) 
3-In. ball 356 280 1.17 
6-ln. ball 1470 1270 1.16 
'O-i-w ball 647 600 1.08 

Flux (neutrons/nir»W) 
E > 0.9 MeV 233 219 1.06 
E > 0.12 MeV 656 656 1.00 

The question of why such good agreement close in behind Configuration 
II.B when there was such a large discrepancy in and behind the basic Con
figuration II.A will be discussed in a later section. 
7.1.3. Configuration II.D 

This configuration is formed by adding the grid-plate shield section 
to Configuration II.B. The shields, like the fuel subassemblies, are 
spaced 1.27 cm apart. The measurements included axi?l traverses down the 
center of the central grid-plate shield subassembly and radial traverses 
close behind the grid-plate shields The 0.635-cm-d-;am Hornyak button 
and the 2-in. Cd-covered Bonner ball were used for these measurements. 
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Fig. 26. Comparison of Calculated and Measured 2-in. Cd-Covered 
Bonner Ball Count Rate for a Radial Traverse 3.18 cm Behind GCFR 
Grid-Plate Shield Experiment Configuration II.D. 

twice the measured values. Again, this is attributed to difficulty in 
normalizing the Hornyak button response function. Monte Carlo (MORSE) 
results agree with DOT near the entrance to the shield (a DOT-calculated 
boundary source is used in the MORSE calculation), tut they tail off to
ward the measurements beyond the shield. While the statistics are good, 
it is believed that the drop in the MORSE results is due to underpredi:-
tion. The reason for this belief is illustrated clearly in Fig. 24, where 
the 2-in. Cd-covered Bonner ball results are shown. The DOT results agree 
well with the measured results. On the other hand, the MORSE results 
start out agreeing well, but they underpredict beyond the shield. 

The radial traverses were designed to detect the relative differ
ences in the radiation levels behind the B^C and those behind the inter-
assembly gaps, the goal being to determine which part of the grid plate 
received the highest fast-neutron exposure. Figures 25 and 2* compare 
calculated and measured Hornyak button and 2-in. Cd-covered Bonner ball 
responses, respectively. The small-diameter (0.635 cm) Hornysk button 
used to obtain the traverse in Fig. 25 was able to determine the relative 
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peak value over the inner subassembly gap. Again, the calculated results 
are high due to the difficulty in normalizing the Hornyak button response 
The MORSE results are generally in agreement with the DOT results. The 
DOT-calculated and 2-in. Cd-covered Bonner ball count rates, smoothed to 
take the ball size into account, agree fairly well with the measured re
sults. Since the holes in the outer six shields were mocked up in a 
smaller width ring for the two-dimensional geometry, the calculated peak 
over the outer ring is narrower and higher than the measured peak. The 
DOT results underestimate over most of the range but not seriously so. 
MORSE, however, has trouble generating the low-energy fluxes which con
tribute heavily to the 2-in. Bonner ball count rate. Thus, the results 
are underestimated. 

Centerline measurements were taken at 30.5 and 305 cm behind the 
configuration. DOT results are compared with the measured results in 
Table 3. As seen previously, the calculation-to-measurenr;tt ratios for 
the Hornyak button are much higher than those for the Bonner ball count 
rates. The calculated Bonner ball count rates show good agreement at 
30.5 cm and up to 60% overprediction at 305 cm. The 5-in. Bonner ball 
count rate overprediction is about 15% higher than it was at 305 cm 
behind the fuel pins, while the overprediction for the 2-in. Cd-covered 
Bonner ball is smaller. 

Table 3. Comparison of DOT/DISKTRAN-Calculated Detector 
Responses with Measured Values on the Centerline 

Behind Configuration II-D 

iw - c Response Distance from — ' 
Response Type Shield (cm) Calculated Measured C/E 

Hornyak Button 
(ergs/g«h«W) 

Bonner Ball (counts/min*W) 
2-in. Cd-covered 

ball 
5-in. ball 

*Read: 5.94 x 10~ 3. 

30.5 
305 

30.5 
305 
30.5 
305 

5.94-3* 2.91-3 2.04 
1.25-3 5.94-4 2.10 

5.20 4.92 1.06 
1.66 1.22 1.36 
1120 976 1.15 
187 118 1.58 
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7.1.4. Configuration II.E 
Calculational comparisons with measurements behind configurations 

similar to II.0 have sometimes been poor in the past due to rapid drop
off in the radiation field immediately behind the configuration. To 
improve such comparisons; measurements have been taken with the detector 
between the configuration and a reflective medium a prescribed distance 
behind the configuration. This is part of the philosophy for Configura
tion II.E, where a 61-cm thick stack of solid steel plates was placed 
15.24 cm behind the configuration and 2-in. Cd-covered and 5-in. Bonner 
ball measurements were made in the intervening void region. Another rea
son for this configuration was to try to simulate the reflection of the 
GCFR grid plate and to determine what effect it had on the peak-to-minimum 
"fast-neutron exposure to the grid plate" ratio. 

This configuration was calculated witr. DOT only. A comparison of 
the calculated and measured curves is shown in Fig. 27 for the 2-in. Cd-
covered Bonner ball and Fig. 28 for the 5-in. Bonner ball. The 2-in. 
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Fig. 27. Comparison of the Calculated and Measured 2-in. Cd-Covered 
Bonner Ball Count Rate for a Radial Traverse 4.13 cm Behind the Grid-Plate 
Shields of GCFR Grid-Plate Shield Experiment Configuration I I .E . 
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Fig. 28. Comparison of Calculated and Measured 5-in. Bonner Ball 
Count Rate for a Radial Traverse 7.62 cm Behind the Shields of GCFR 
Grid-Plate Shield Experiment Configuration II.E. 

Cd-covered Bonner ball curve is generally characteristic of the one seen 
in Fig. 26. Calculated results (1) started out slightly lower than meas
ured results behind the central subassembly, (2) had a relatively tall, 
narrow peak over the outer subassemblies, and (3) were initially slightly 
higher than measured behind the concrete. The presence of the iron plates 
cause greater than a factor of two increase in the count rate. Calculated 
results appear to agree with measured results to within 10%. 

The 5-in. Bonner ball count rate curve shape also agrees well with 
the measured curve. The calculational overprediction is in general about 
20%, with about 30% overprediction at the center of the outer shield. 
7.1.5. Configuration II.F 

This configuration includeo the prototypic grid-plate mockup, which 
consisted of a 76.2-cm-square by 63.5-cm-thick stack of iron plates through 
which seven holes were drilled. The holes were aligned with those through 
the grid-plate shields. The plates, surrounded by concrete, were placed 
adjacent to the grid-plate shield section. Into each of the cylindrical 
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holes in the grid plate, steel clad B UC shields were inserted to create a 
shield which resembles that in the GCFR design. Thus, Configuration II.F 
is Configuration II.D with a prototypic mockup of the end plate following 
it. 

A Hornyak button measurement was taken close to the grid plate (2.62 
cm). Hornyak button, 2-in. Cd-covered Bonner ball, and 5-in. Bonner ball 
measurements were taken at 30.5 and 305 cm behind the grid plate. Figure 
29 shows results for the Hornyak button 2.62 cm behind the grid plate. 
The DOT results are about a factor of 3.0 times the measurements while 
the MORSE results are auout a factor of 1.7 to 2.0 times the measurements. 
Assuming the MORSE results are correct except for the normalization of 
the Hornyak button response function, then the renormalized DOT results 
would be only a factor of 1.5 to 1.75 times the measured results. The 
shape of both the MORSE and DOT curves are good when compared to the 
measurements. 
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Fig. 29. Comparison of Calculated and Measured Hornyak Button 
Response for a Radial Traverse 2.62 cm Behind GCFR Grid-Plate Shield 
Experiment for Configuration II.F. 



Figures 30, 31, and 32 compare calculations and measurement at 30.5 
cm behind the grid plate for the Hornyak button, the 2-in. Cd-covered Bon
ner ball count rate, and the 5-in. Bonner ball count rate, respectively. 
Again the DOT-calculated Hornyak button response is a factor of 3.0 times 
the measured response while the MORSE results are a factor of 1.5 to 2.0 
times the measured values. DOT does well in calculating the 2-in. Cd-
covered Bonner ball count rate while MORSE is underpredictive overall. A 
MORSE calculated value behind an outer grid-plate hole agrees well with 
the measurement. The DOT 5-in. Bonner ball count rate is about 25% higher 
than the measured count rate on the centerline but becomes about 55% higher 
behind the outer grid-plate holes. Beyond the concrete, calculation and 
measurement nearly coincide. The MORSE results are about the same as seen 
for the 2-in. Cd-covered Bonner ball with results low near the centerline 
and agreement good behind the outer grid-plate holes. 

Figures 33, 34, and 35 show, respectively, the results for the 
Hornyak button, the 2-in. Cd-covered Bonner ball, and the 5-in. Bonner 
ball at 305 cm behind the grid plate. Both calculated Hornyak button 
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Fig. 30. Comparison of Calculated and Measured Hornyak Button 
Response for a Radial Traverse 30.5 cm Behind GCFR Grid-Plate Shield 
Experiment Configuration II.F. 
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Fig. 31. Comparison of Calculated and Measured 2 - in . Cd-Covered 
Bonner Ball Count Rate for a Radial Traverse 30.5 cm Behind GCFR 
Grid-Plate Shield Experiment Configuration I l . F . 
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Fig. 32. Comparison of Calculated and Measured 5- in . Bonner Ball 
Count Rate for a Radial Traverse 30.5 cm Behind GCFR Grid-Plate Shield 
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Fig. 33. Comparison of Calculated and Measured Hornyak Button 
Response for a Radial Traverse 305 cm Behind GCFR Grid-Plate Shield 
Experiment Configuration II.F. 
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Fig. 34. Comparison of Calculated and Measured 2-in. Cd-Covered 
Bonner Ball Count Rate for a Radial Traverse 305 cm Behind GCFR 
Grid-Plate Shield Experiment Configuration II.F. 
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Fig. 35. Comparison of Calculated and Measured 5-in. Bonner Ball 
Count Rate for a Radial Traverse 305 cm Behind GCFR Grid-Plate Shield 
Experiment Configuration II.F. 

curve shapes (Fig. 33) are similar to the measured shape though the DOT 
results are 2.7 times the measured results and the MORSE results are 1.7 
times the measured results. Again, a portion of these large factors is 
attributed to inappropriate normalization of the Hornyak button response 
function. MORSE does well in calculating the Bonner ball count rates with 
statistics so low in the 5-in. Bonner ball case that the error bars are 
shorter than the plotting symbols and are thus not plotted. DOT results, 
on the other hand, are about a factor of 2 too high behind th'.j holes but 
show slightly better agreement behind the steel and concrete (the concrete 
begins at 38.1 cm in the actual geometry and about 43 cm in 2-D cylindri
cal geometry). Beyond about 80 cm both Bonner ball measurements tend to 
flatten even though a large background component (up to 70% for the 2-in. 
Cd-covered Bonner ball and 28% for the 5-in. Bonner ball) has been sub
tracted. Probably a better comparison of the calculated and measured 
curves would be to continue the measured curve by maintaining the nearly 
constant difference between the curves in the range 40 to 80 cm. The high 
Bonner ball count rates at 305 cm behind the grid plate indicate that the 
calculated neutron source leaving the top of the GCFR design grid plate 
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may be very conservative. The upper plenum in the GCFR is about 450 cm 
-.igh and is partially constricted by a tapered upper axial shie^ and a 
cylindrical shield plug along the axis. There are also control-rod mech
anisms within the plenum. Otherwise, the upper plenum is like the grid-
plate shield experiment configuration at the TSF with a large low-density 
(helunri or air) region immediately following the grid plate. However, 
the experimental plenum is only partially surrounded by scattering sur
faces such as the PCRV (Prestressed-Concrete Reactor Vessel) in the GCFR. 

The question of whether the calculated source leaving the top of 
the grid plate will be conservative is left to a later section. 

A neutron spectrum measurement was taken at 34.29 cm behind the grid 
plate. Figure 36 shows the DOT calculated spectrum compared with the 
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Fig. 36. Comparison of DOT-Calculated and Measured Neutron Spectra 
34.3 cm Behind GCFR Grid-Plate Shield Experiment Configuration II.F. 
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measured spectrum and Fig. 37 shows the comparison of the MORSE results. 
While the shape of the DOT curve compares reasonably well, the calculated 
integral flux is about 50% higher than the measured flux. The MORSE cal
culation used broad energy bands in order to remove some of the statis
tical fluctuation due to undersampling certain energy ranges. There is 
much statistical fluctuation above 1.0 MeV, but the results have settled 
down to a monotonic pattern below that energy. While the spectrum is not 
calculated well by MORSE, the integrated E > 0.9 MeV flux agrees well with 
the measured flux, being a factor of 0.89 +_ 0.13 times the measurement. 

ENEBCT fwfyj 

Fig. 37. Comparison of MORSE-Calculated and Measured Neutron 
Spectra 34.3 cm Behind 6CFR Grid-Plate Shield Experiment Configuration 
II.F. 
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The flux between 0.12 MeV and 0.9 MeV was underestimated even more than 
that above 0.9 MeV since the total E > C.12 MeV neutron flux was only a 
factor of 0.73 +_ 0.04 times the measurement. 

Centerline measurements were also made with Bonner balls 34.29 cm 
and 305 cm behind the grid plate. The calculation and measurement com
parison for the flux and Bonner ball count rates are given in Table 4. 
It shows that close in the DOT 3-in. Bonner ball count rate is about 40" 
higher while the flux is about 50% higher than measured. At 305 cm behind 
the grid plate, all calculated Bonner ball count rates (covering most of 
the neutron spectrum) appear to be a factor of two higher uhan the meas
urements. These latter results indicate that the angular flux collimated 
through the grid plate may be a factor of two too high since it should 
contribute most to detector responses for detectors located large distances 
behind the grid plate. And as stated before, the distance at which the 
measurement was taken is reasonable when compared to the GCFR upper plenum. 
The MORSE flux comparisons presented above are also summarized in Table 
4. The Bonner ball count rates calculated with MORSE agree well with the 
measurements. 

Table 4. Cocpai 
Respi 

rison of Calculated and 
-nses en the Centerline 

Configuration II-F 

Measured 
Behind 

Detector 

Distance (en) 
from Grid Plate 

Measured 
Response 

Calculated Response C/E 

Response Type 
Distance (en) 
from Grid Plate 

Measured 
Response DOT MORSE DOT MORSE 

Flux (neutrons/cm2•oln'U) 
E > 0.9 MeV 34.29 26.61 40.99 23.62+3.42 1.54 0.89+0.13 
F > 0.12 MeV 34.29 99.22 146.4 72.0+4.38 1.48 0.73+0.04 

Bonner ball (counts/mln'Vf) 
3-in. ball 34.29 42.6 59.0 - 1.4 -
2-in. ball 305 0.493 1.08 0. 467+0.074 2.1 0.94+0.15 
3-in. ball 305 12.3 25.6 - 2.1 -
5-ln. ball 305 55.1 116 62.6+6.89 2.1 1.14+0.12 
6-ln. ball 305 62.1 127 - 2.0 -
8-in. ball 305 50.8 101 - 2.0 -
10-in. ball 305 29.6 62.6 - i . ! -
12-ln. ball 305 16.8 36.4 - 2.2 _ 



42 

7.1.6. Examination of Discrepancies 
It was seen in the foregoing sections that there were large discrep

ancies (up to 55%) between the calculations and the measurements in the 
basic Configuration II.A. One would have expected a similar or worse 
discrepancy to exist when the fuel pins were added (Configuration II.8). 
Yet tne calculations and measurements were in good agreement up to 138 cm 
behind the configurations. The discrepancies reappeared in calculations 
of detector responses large distances behind the configurations. The dis
crepancies also increased as more components were added to form the larger 
configurations. Since the larger configurations were calculated with 
sojrces generated from previous smaller configurations, only the two basic 
configurations (II.A and II.B) were further analyzed in order to try to 
resolve the discrepancies. Configuration II.F was further analyzed to 
see the effect of quadrature on the transmission through the grid plate. 

7.1.6.1. Configuration II.A. Since a biased 150-angle quadrature 
was being used in the analysis, it was thought that this might account 
for the discrepancy in Configuration II.A. Consequently, the calculation 
was redone with a symmetric 96-angle (S 1 2) quadrature with slightly more 
angles in the -Z direction (48 angles compared to 35 angles). Both quad
ratures gave essentially the same results. 

The configuration ».. , further examined by sensitivity and channel 
theory 1 2 analysis to try to understand the transport through it. The 
VIP 1 computer code was used to generate the sensitivity matrices which 
were input to FORSS1** to generate the sensitivities. The response of 
interest was the 5-in. Bonner ball count rate on the centerline 30.5 cm 
behind Configuration II.A. The adjoint calculation was performed with 
DOT-IV using a first-collision source from the GRTUNCL 1 5 computer code. 
Since a first-collision source was used in the adjoint calculation, only 
30 angles were used. The FACT code was used to couple the forward source 
(with 115 forward angles) to the adjoint leakage (with 15 backward angles). 
The result agreed with the 5-in. Bonner ball count rate from the forward 
calculation to within 1". Thus, the adjoint calculation is well defined. 

The results of the sensitivity analysis are shown in Table 5. It 
shows that the count rate is sensitive mainly to the water content in the 
concrete, particularly the concrete in the shadow shield. The fluxes from 



Table 5. Sensitivity of the 5-in. Bonner Ball Count Rate to Concrete 
Cross Sections Used in the Analysis 

(Detector on axis 30.5 cm behind Configuration II.A) 
Atom Densities (barn" 1'cm" 1)* 

TSF Ordinary AE** AR 
Elements Concrete Concrete Sens'tivity r. R 

Na 2.73-5 1.05-3 -3.50-4 3.746+1 -1.31-2 
0 A.202-2 4.365-2 -3.31-1 4.355-2 -1.44-2 
SI 3.84-3 1.58-2 -2.84-2 3.115+0 -8.85-2 
Mg 1.44-3 1.4-4 -1.30-2 -9.028-1 1.17-2 
Fe 2.64-4 3.1-4 -2.72-3 1.742-1 -4.74-4 
H 8.88-3 7.86-3 -5.00-1 -1.149-1 5.75-2 
Al 4.14-4 2.39-3 -3.26-3 4.773+0 •1.56-2 
Ca 1.0-2 2.92-3 -8.25-2 -7.080-1 5.84-2 
K 2.34-3 6.9-4 -1.83-2 -7.051-1 1.29-2 
C 7.97-3 1.0-6 -7.28-2 _9,ooo-i 7.28-2 
S 1.015-4 1.0-6 -7.91-4 -9.901-1 7.83-4 

Total -1.054 8.19-2 

•Densities computed from atom densities are 2.34 g/me and 2.39 g/nu: for ordinary and 
TSF concrete, respectively. 
**Fractional change in the atom density (thus cross section) In going from TSF 
concrete to ordinary concrete. 
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8 shows the composition of the cement. Two other mixtures (Table 9) were 
obtained based on the determination of the composition of two samples by 
the ORNL Analytical Chemistry Division. A fifth mixture considered was an 

Table 8. Composition of Cement Used in the Manufacture of the 
Concrete Used in the GCFR Grid-Plate Shield Experiments* 

Compound Weight percent 

S i 0 2 21 .2 

AI2O3 5.5 

F e 2 0 3 2.6 

CaO 6 4 . 5 

MgO 2 .7 

SO3 2 .2 

Na 2 0 0 .4 

Assumed H2O of h y d r a t i o n * * 1.0 

•Analysis performed by General Portland Cement Company of Chattanooga, 
Tennessee, and reported on July 21, 1978. 
**Based on SO3 percentage and the formula for gypsum [Ca0(S0a)2H20], 
taking the ratio of the water molecular weight to the SO3 molecular 
weight and multiplying by 2.2. 

Table 9. Comnosition of Concrete Samples as Determined 
by the ORNL Analytical Chemistry Division 

Weight percent 

Compound Sample 1* Sample 2* 

H20 6.32 

S i 0 2 11 .28 

F e 2 0 3 0.94 

AI2O3 1.30 

CaO 33 .34 

MgO 13 .6 

N a 2 0 0 . 0 1 

K 2 0 0 .50 

S0 3 0 .091 

P 2 0 s * * 0 .09 

co2 33.66 

1 0 1 . 1 + 

3.41 

9.41 

0.94 

1.57 

36.96 

13.2 

0.022 

0.53 

0.16 

0.10 

32.19 

98.49* 

•Sample 1 i s from the concrete surrounding the fuel pins and sample 2 
i s from that surrounding the Bi,C s h i e l d s . 

**Phosphorus combined with sulfur in ca lcu l .ons. 
Weight percentages normalized to 100% before use . 
Deficiency of 1.5% assumed to be water . Thus water content i s 4.92%. 
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ordinary (Portland) concrete found in the Nuclear Engineering Handbook. 1 7 

The sixth mixture was an ordinary (?4B) concrete used in the GCFR design 
analysis. The previously computed sensitivity coefficients (Table 5) were 
multiplied by the percent change in the atom densities of the elemental 
components of the concretes with respect to the TSF concrete used in the 
analysis and the results were summed to give a predicted change in the 
count rate if the given concrete is substituted for the TSF concrete. 
Table 10 shows the concrete compositions (elements and atom densities of 
each), the percent of water in the mixture, and the predicted percent 
change in the count rate. All concrete densities were assumed to be 
2.4 g/cc. 

Seven-group calculations were run using five of the above-named con
crete mixtures and the results were compared with the seven-group results 
for the TSF concrete. As stated before, the seven-group results agreed 
well with the 51-group results. Six calculated curves for a 5-in. Bonner 
ball .ixial traverse down the centerline of the empty cavity are compared 
witt the measured curve in Fig. 39. As predicted by sensitivity theory, 
two concrete mixtures give results comparable to the measurement (since 
the calculated 5-in. Bonner ball count rate was 1.55 times the measure
ment, the calculated results should be lowered 35% for agreement with the 
experiment). The two mixtures are the manufacturer's mixture with all 
water (MIX #1) and the ordinary concrete from the Nuclear Engineering 
Handbook (MIX #5). The other mixtures also give results as predicted by 
sensitivity analysis except for mixture #4 where the predicted change is 
so small (1.4%) that the sign of the change is in doubt. 

These results show the effect of concrete composition on the 5-in. 
Bonner ball count rate. Similar effects can be expected for other detec
tors since the 5-in. Bonner ball has a nearly flat response over the most 
important energy range. Mixture #1 would be a credible mixture were it 
not for the fact that no water loss on setting was assumed. However, 
studies on the ORNL Graphite Pile Reactor Concrete Shields 1 8 have shown 
a high percentage retention of water in the portion of the concrete away 
from heat sources and away from exposed surfaces. The concrete around 
the fuel subassemblies is steel-lined and has a lateral thickness greater 
than 120 cm (much thicker than the 30.5 cm ordinary concrete layer on 



Table 10. Compositions of Several Concrete Mixes, Water Percentages, and Predicted Percent Change 
in the Count Rate of a 5-in. Bonner Ball on Axis 30.5 cm Behind GCFR Grid-Plate Shield Experiment 

Configuration II.A When the Concrete Mix Replaces That Used in the Original Calculation 

Atom densities (b _ 1 •cm - 1)* 
Element TSF Concrete Mix #1 Mix 02 Mix 03 Mix 04 Mix #5 Mix lib 

H 8.83-3 1.361-2 7.326-3 1.067-2 8.395-3 1.494-2 7.86-3 
0 4.202-2 4.713-2 4.572-2 4.654-2 4.503-2 4.153-2 4.385-2 
Ca 1.0-2 8.278-3 8.686-6 8.498-3 9.257-3 1.159-2 2.92-3 
Na 2.73-5 3.403-5 3.550-5 4.618-6 1.026-5 3.039-4 1.05-3 
Al 4.14-4 2.844-4 2.969-4 3.658-4 4.452-4 7.372-4 2.39-3 
K 2.34-3 1.527-4 1.527 •'• 1.504-4 1.627-4 1.217-4 6.9-4 
Mg 1.44-3 5.408-3 5.640-3 4.823-3 4.733-3 1.055-3 1.4-4 
Si 3.83-3 2.510-3 2.617-3 2.682-3 2.264-3 6.044-3 1.58-2 
S 1.015-4 7.245-5 7.556-5 3.376-5 4.856-5 0 1.0-6 
Fe 2.64-4 8.585-5 8,955-5 1.684-4 1.702-5 1.974-4 3.1-4 
C 7.97-3 1.046-2 1.091-2 1.093-2 1.059-2 3.818-3 1.0-6 

Z water 5.53 8.48 t-.^l 6,18 4.02 9.jo 5.02 
Pred. X chg in 0.0 -32.1 +3.38 -15.4 -1.37 -31.3 +8.19 
count rate 

*Mix #1 - Composition based on suppliers mix and concrete and sand analysis plus 0.5 wt X K?0. 
Mix 92 - Composition based on suppliers mix with about half the water retained + 0,5 wt % KvO. 
Mix *3 - Composition based on ORNL Analytical Chemistry Division analysis with total normalized to 100X. 
Mix #4 - Composition based on ORNL Analytical Chemistry Division analysis with deficiency attributed to water. 
Mix 05 - Ordinary (Portland) concrete from the Nuclear Engineering Handbook. 
Mix #6 - Ordinary (*4B) concrete as used in CCFR design analysis. 
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for Several Concrete Mixtures with the Measured Count Rate for an Axial 
Traverse Down the Center of GCFR Grid-Plate Shield Experiment Configura
tion II.A. 

either side of the heavy concrete in the Graphite Reactor shield). Thus, 
the concrete surrounding the fuel subassemblies could indeed retain a 
large percentage of the water used in mixing. 

The only conclusion to be drawn from these calculations is that knowl
edge of the concrete composition is very important if unbiased comparisons 
are to be made between calculations and measurements. A definitive claim 
that a given concrete is the correct one to use may be made only if that 
concrete also gives good comparisons with the fuel subassemblies present. 

7.1.6.2. Configuration II.B. Two additional questions remained for 
Configuration II.B. First, assuming that the correct concrete mixture has 
been determined in the previous section, how does it affect the calculated 
results behind the fuel pins? Second, how does one reduce the error in 
calculations to detectors great distances behind the fuel pins? The first 
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question was answered by running seven-group calculations for Configuration 
II.B with the TSF concrete mixture and with Mixture *1. The results showed 
that the calculated 5-in. Bonner ball count rate 30.5 cm behind the fuel 
pins would drop 16 to 17% on the centerline and about 33% at the edge of 
the calculational geometry when the concrete is substituted. The thermal 
flux (E < 2.38 eV) remains about the same for both concretes. The 5-in. 
Bonner ball count rate at 305 cm behind the fuel pins drops 20 to 25S. At 
305 cm behind the configuration, the calculated 5-in. Bonner ball count 
rate is 13« higher than measured on centerline and up to 16% lower than 
measured off centerline. Thus, the concrete which removes the discrepancy 
from the Configuration II.A calculation introduces discrepancies into the 
Configuration II.B calculations. 

Two approaches were used in the analysis of the second question. 
First, a finer mesh was introduced in the fuel-pin region and the seven-
group calculation with TSF concrete was rerun. The results were unchanged 
at 30.5 cm behind the fuel pins. At 305 cm behind the fuel pins, the 2-in. 
Cd-covered and 5-in. Bonner ball count rates drop about 20''; on the center-
line and remain about the same toward the outer edge of the geometry. This 
results in a 5-in. Bonner ball count rate 11% higher than measured on the 
centerline 305 cm behind the fuel pins, while the calculated count rate is 
13% higher than measured off the centerline 305 cm behind the configuration. 
Since agreement is good both close behind the configuration and large dis
tances behind it, it is concluded that inadequate mesh spacing, rather than 
grossly incorrect concrete composition, is the major source of the discrep
ancy between calculation and measurement for Configuration II.B. The dis
crepancies in the results for Configuration II.A remain unexplainable. 

The second approach used to reduce the discrepancy in the results 
305 cm behind the configuration was to use a different auxiliary code to 
compute the detector responses at detectors large distances behind the 
fuel pins. Unlike the DISKTRAN code, which uses a boundary source as in
put, the FALSTF 1 9 code uses a volumetric scattering-plus-fission source 
from which last-flight contributions are summed for each discrete volume 
element specified. Because the source angular distribution is given in 
terms of flux moments, responses of detectors close to the axis frequently 
are undercalculated. Consequently, the FALSTF results presented are based 
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on results obtained at off -axis detectors and extrapolated to those on-
axis or near the axis. The results are compared with measurements in 
Table 11. It is seen that the Bonner ball results agree reasonably well 
with the measurements 30.5 cm behind the fuel pins. The Hornyak button 
results are characteristically high. There is also good agreement for 

Table 11. Comparison of DOT/FALSTF-Calculated and Measured 
Responses Behind Configuration II-B 

Value 
Response Type R (cm) Z (cc) Calculated Measured C/E 

Bonner ball (counts/nin*W) 
2-in. Cd-covered ball 

3-in. ball 
5-in. ball 

0 .0 30.48 105.4 88.0 1.20 
10.16 30.48 100.7 86.8 1.16 
17.78 30.48 91.02 82 .3 1.11 
30.48 30.48 82.27 68 .3 1.20 
45.72 30.48 63.74 4 8 . 1 1.33 

0.0 304.8 7.053 4.32 1.63 
15.24 304.8 6.774 3.78 1.79 
25.4 304.8 6.277 3.57 1.76 
45.72 304.8 4.539 2.93 1.55 
37.16 304.8 3 . H 8 8 1.95 1.79 

0 138.1 369.1 280.0 1.32 
0 .0 30.48 9672 8530 1.13 

10.16 30.48 9106 8180 1.11 
17.78 30.48 7939 7390 1.07 
30.48 30.48 6243 5310 1.18 
45.72 30.48 3693 3170 1.16 

0 .0 304.8 363.6 348.0 1.04 
15.24 304.8 352.0 331.0 1.06 
25.4 304.8 331.3 294.0 1.13 
45.72 304.8 258.9 231.0 1.12 
37.16 304.8 202.5 133.0 1.52 

6-in. ball 0 138.1 1274 1270 1.00 
10-in. ball 0 136.1 555.1 600.0 0.93 

Hornyak Button 0.0 30.48 4 .78 -2* 2.99-2 1.60 
(ergs/g-h'W) 10.16 30.48 4 .50-2 2.92—2 1.54 

17.78 30.48 3 .94-2 2.57-2 1.53 
30.48 30.48 3 .08-2 1.93-2 1.60 
45.7'. 30.48 1.79-2 1.13-2 1.58 

0 .0 304.8 2 .03-3 1.69-3 1.20 
15.24 304.8 1.96-3 1.39-3 1.41 
25.4 304.8 1.85-3 1.26-3 1.47 
45.72 304.8 1.46-3 1.01-3 1.44 

137.16 304.8 1.09-3 5.88-4 1.86 
Fl'jx (neutrons/cm 2'min-W) 

E > 0 .9 MeV 0.0 138.1 207.7 219.0 0.95 

*Read: 4.78 x 10~ 2. 
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the 5-in. Bonner ball count rate at 305 cm behind the fuel pins except 
for the position 137 cm from the axis. The 2-in. Cd-covered Bonner ball 
results are even higher than for the D1SKTRAN calculations, while the 
Hornyak button results remain high due in part to uncertainty in the nor
malization of its response function. Except for the 3-in. Bonner ball 
count rate, the calculated results on centerline at 138.1 cm behind the 
configuration agree well with measured results. Overall, the results are 
not very definitive. However, they tend to show that the volumetric scat
tering source is well-defined since the such good agreement was achieved 
for the 5-in. Bonner ball count rate at both 30.5 and 305 cm behind the 
configuration. The inadequate mesh then allows excess neutron streaming 
and results in an overestimate for the source leaking the fuel pins. The 
FALSTF calculation is analagous to the Monte Carlo calculation with a 
point detector estimator. Like MORSE, some of its results agreed better 
with the measured results than did the DOT results. 

7.1.6.3 Configurations II.D, II.E, and II.F. The discrepancies in 
configurations II.D, II.E, and II.F are attributed in part to the dis
crepancies present in Configuration II.B. The use of a finer mesh and 
attention to the concrete composition should eliminate the greater portion 
of the discrepancies in any of the configurations. The neutron source is 
concentrated in the fuel pins a short distance beyond the point where the 
soiree is directed onto the pins; hence, the concrete composition snould 
have little additional effect upon calculated responses behind the follow-
on configurations (II.0, II.E, and II.F) than it has on responses behind 
Configuration 11.8. Errors in the concrete composition are believed to 
contribute littla to the discrepancies seen behind Configuration II.B; 
rather, the space mesh is the controlling factor. 

7.2. Configuration? III.A, IV.A, and VI.A 

Since a thorough analysis of Configurations II were or would be done, 
only selected portions of the other configurations were analyzed. Hence 
all the core/blanket arrangements except the one including the control-
rod-channel mocki.p were examined. These included two variations of the 
subassembly-gap spacing from that of Configuration II.B. In Configuration 
III.A the number of fuel pins per subassembly (127) remained the same as 
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that of Configuration II.B, but the subassembly-gap size was reduced to 
0.635 cm. Likewise, in Configuration VI.A the gap size was reduced fur
ther to 0.318 cm. The three configurations, II.B, III.A, and VI.A, thus 
cover a range of subassembly-gap sizes each of which might have a differ
ent effect on the location of the point of maximum fast-neutron exposure 
to the grid plate. 

Configuration IV.A is also like Configuration II.B, except that 
instead of varying the subassembly gap size the number of fuel pins per 
subassembly has been lowered to 91. The two fuel subassemblies with 91 
and 127 pins have inside void fractions of 60.2 and 44.5 , respectively. 
The GCFR design values have ranged from 63.3 in the low-pressure-drop 
design to 52.91 in the high-pressure-drop design. While the void frac
tion range in the experiment is shifted to the low side of that for the 
design, there is enough overlap so that meaningful information may be 
extracted and applied to the GCFR design. 

The calculations were performed the same as with Configuration II.B, 
with adjustments to the ring geometry to account for the rearrangement 
of the fuel subassemblies within the core. 

The DOT-calculated results on axis 30.5 cm behind each of the four 
configurations (II.B, III.A, IV.A: and VI.A) are compared with measured 
results in Table 12. The Bonner boll count rates agree very well with 
the measured ones. The Hornyak button results are high and, as mentioned 
before, the disagreement is probably due to the lack of a properly normal
ized response function for the hornyak button. The C/E ratios seem to 
increase with decreasing subassembly-gap width (compare II.B to III.A to 
VI.A) and decrease with a decrease in the number of fuel pins per sub
assembly (compare II.B to IV.A). Changes in the neutron spectrum among 
the different core arrangements are chiefly responsible. 

The DOT/DISKTRAN-calculated results on axis 305 cm behind each of the 
four configurations are compared with measured results in Table 13. These 
results show the calculations substantially overpredicting the measured 
results. Note that the calculated-to-measured ratios (C/Es) increased 
when the outer or peripheral-gap thickness was increased from 0.635 cm to 
1.27 cm (Configuration II.B to Configuration III.A), but there is little 
change when the peripheral-gap thickness is increased from 1.27 cm to 
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Table 12. Comparison of DOT-Caiculated and Measured Responses 
•n Axis 30.5 cm Behind Various Configurations 

Detector 
Configuration 

II-B III-A IV-A VI-A 

Bonner ball (counts/rain«W) 

2-in. Cd-covered ball 
Calculated 
Measured 

C/E 

5-in. ball 
Calculated 
Measured 

C/E 

Hornyak button (ergs/g*h*W) 
Calculated 
Measured 

C/E 

8.30+1* 8.48+1 1.17+2 8.43+1 
8.80+1 8.63+1 1.43+2 8.69+1 
0.9'- 0.98 0.82 0.97 

8.53+3 8.38+3 1.18+4 8.15+3 
8.53+3 7.95+3 1.25+4 7.88+3 
:.o 1.05 0.94 1.03 

4.18-2 4.10-2 6.39-2 3.97-2 
2.99-2 2.55-2 4.75-2 2.34-2 
1.40 1.61 1.35 1.70 

*Read: 8.30 x 10 1. 

Table 13. Comparison of DOT/DISKTRAN-Calculated and Measured 
Responses on Axis 305 cm Behind Various Configurations 

Detector 
Configuration 

II-B III-A IV-A VI-A 

Bonner ball (counts/min*W) 
2-in. Cd-covered ball 

Calculated 
Measured 

C/F. 

5-in. ball 
Calculated 
Measured 

C/E 

Hornyak button (ergs/g«h«W) 
Calculated 
Measured 

C/E 

6.32+0* 6.39*0 8.87+0 6.45+0 
4.32+0 3.28+0 7.28+0 3.61+0 
1.46 1.95 1.22 1.79 

4.65+2 4.96+2 6.68+2 4.91+2 
3.48+2 3.16+2 5.30+2 3.03+2 
1.34 1.57 1.26 1.62 

2.87-3 3.13-3 4.71-3 3.09-3 
1.68-3 1.43-3 2.75-3 1.35-3 
1.71 2.19 1.71 2.29 

*Read: 6.32 x 10°. 
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1.59 cm (Configuration III.A to Configuration VI.A). Also, there is much 
improvement in the C/Es for the Bonner ball count rates in going from the 
127 fuel pins per subassembly in Configuration II.B to the 91 fuel pins 
per subassembly in Configuration IV.A. The results for Configuration IV.A 
are almost acceptable. Again, part of the overprediction in the Hornyak 
button response is due to the difficulty in normalizing the Hornyak button 
response function. 

The results also show the effect of void fraction within a subassem
bly on the neutron streaming. Configurations IV.A and II.B have the same 
interassembly gap but different void fractions within the subassemblies. 
The Hornyak button comparisons give an idea about how the fast-neutron 
flux (E > 0.1 MeV) behaves. The calculational comparisons showed that at 
30.5 cm behind the configuration the higher void fraction (60.2%) Config
uration IV.A gives a fast-neutron flux 1.5 times that behind the lowe* 
void fraction (44.5%) Configuration II.B. The measurement comparisons 
give a factor of 1.6. The higher neutron flux behind the higher void 
fraction configuration is due to both the lower effective material den
sity in the core and neutron streaming among the fuel pins. The fission 
and scattering sources per unit volume of material within the fuel sub
assemblies were compared for both configurations and were found to be 
nearly the same. The sources per unit volume in the design calculations 
were also about the same for the different designs. 

7.3. Configuration IV.B 

Tiie final configuration analyzed was Configuration IV.B, which was 
formed by adding the grid-plate shield section to Configuration IV.A. 
Configuration IV.A had 91 fuel pins per subassembly with subassemblies 
spaced 1.27 cm apart. This configuration (IV.B) is analagous to Config
uration II-D in which the core contained subassemblies which were spaced 
1.27 cm apart and which had 127 fuel p̂ 'ns each. The DOT calculation was 
performed using a boundary source generated during the calculation of 
Configuration IV.A. The boundary source was located about 64 cm into 
the fuel pin region so that "end effects" would not result in a source 
which was too low. 
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Radiai traverses were made close behind the shields using the 
Hornyak button and the 2-in. Cd-covered Bonner ball. The calculated 
and measured curves for the Hornyak button are plotted in Fig. 40 while 
those for the 2-in. Cd-covered Bonner ball are plotted in Fig. 41. The 
agreement is similar to that seen for Configuration II.0. The calculated 
Hornyak button results are generally higher than measured, except over 
the outer shield where the narrower void channel in the 2-D mockup of the 
shields caused the calculated results to drop below the measured results. 
The shape is good in general and probably represents the average of what 
one would see in all the radial traverses across the shields with various 
angles from 0 to 90° from the horizontal. The 2-in. Cd-covered Bonner 
ball count rate curve has the same problem as the Hornyak button with 
respect to the outer shield. The narrower opening in the 2-D geometry 

CRNL-DWG 79-7809 

RADIUS (cm) 
Fig. 40. Comparison of Calculated and Measured Hornyak Button 

Response for a Radial Traverse 2.35 cm Behind GCFR Grid-Plate Shield 
Experiment Configuration IV.B. 
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Fig. 41. Comparison of Calculated and Measured 2-in. Cd-Covered 
Bonner Ball Count Rate for a Radial Traverse 3.18 cm Behind GCFR 
Grid-Plate Shield Experiment Configuration IV.B. 

causes the calculated peak to be tall and narrow wtien compared to the 
shorter and broader measured curves. While an average of all the meas
ured results for traverses from 0 to 90° from the horizontal might pro
duce a narrower peak, it could hardly be expected to produce a taller 
one. Thus the calculation would probably overpredict the count rate over 
the center of the outer hole by about 30". There is about a 10"; under-
prediction at the center. 

The final comparisons are for measurements made on the centerline 
at either 30.5 cm or 305 cm behind the configuration. The results are 
shown in Table 14. About the same degree of success is achieved in cal
culating the results for this configuration as was achieved with Config
uration II.D (Table 3). The results at 305 cm show slightly better 
agreement than before. In both cases the Hornyak button results are 
high by a factor of 2, due in part to an improperly normalized response 
function. 
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Table 14. Comparison of DOT/DISKTRAN-Calculated and Measured 

Response on the Centerline Behind Configuration IV,3 

Distance 
Shield ( 

from 
cm) 

Response 
Response Type 

Distance 
Shield ( 

from 
cm) Calculated Measured C/E 

Hornyak button 
(ergs/g-h-V) 

30.5 
305 

1.08-2* 
1.99-3 

5.40-3 
9.58-4 

2.00 
2.08 

Bonner ball (counts/min-V) 
2-in. Cd-covered ball 30.5 

305 
9.37 
2.70 

9.91 
2.14 

0.95 
1.26 

5-in. ball 30.5 
305 

1730 
265 

1520 
177 

1.1' 
1.50 

*Read: 1.08 x 10 *. 

7.4 Configuration V 
Configuration V.A was designed to simulate a control rod channel mock-

up within the GCFR. It is like Configuration IV.A (Section 7.2) except 
that seven fuel pins have been removed from the central"fuel subassembly 
leaving the simulated control rod channel. The other Configurations V 
are identical to Configurations IV except for the control rod channel mock-
up. 

None of the Configuration V mockups were calculated, but some infer
ences may be made from the measured results. Results from Configurations 
IV are used as the standard to which results from Configurations V are 
compared. 

Behind the fuel pins, Configuration V.A gave 5-in. Bonner ball count 
rates on the centerline which were 3.5% higher than those for Configuration 
IV.A at both 30.5 cm and 305 cm behind the configuration. The total flux 
would be expected to have the same behavior as the 5-in. Bonner ball count 
rate. The fast-neutron fluxes (inferred from Hornyak button results) were 
respectively 11% lower and 1.5"', higher at 30.5 and 305 cm behind the con
figuration. 

Behind the grid-plate shields, the differences between Configuration 
IV and Configuration V results became greater than those seen behind the 
fuel pins. The fast-neutron fluxes for Configuration V.B were respec
tively 29% and 18% higher than those for Configuration IV.B at 30.5 cm 
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and 305 cm behind the configurations. The total fluxes at 30.5 cm and 
305 cm behind Configuration V.B were respectively 9% and 5% higher than 
the corresponding results for Configuration IV.B. While there was a 
large difference in the fast-neutron fluxes on the renter!ine, the peak 
fast-neutron exposure to the grid plate in Configuration V.B was actually 
8% lower than that for Configuration IV.B. 

The control rod channel mockup was included in the measurements in 
order to assess the importance of neutron streaming in a control sub
assembly in comparison to a regular fuel subassembly. Speculation was 
that the reduction in the fission source in the control subassembly would 
offset the effect of neutron streaming in the cortrol rod channel, leaving 
the regular fuel subassembly as the wc-se case as for a neutron leakage 
from the core. Preanalysis calculations indicated little difference in 
results for the two cases. The results above indicate that the control 
rod channel can have a very large effect on axial neutron streaming, 
particularly neutron transport through the penetrations in the grid plate. 
On the other hand, such a subassembly mockup wCv'ld give a lower fast-
neutron exposure to the grid plate and would thus be nonconservative in 
one of the key design limiting criteria. The effect of streaming in the 
channel in the GCFR design is expected to be smaller than that indicated 
by the experiment due to the fact that the fission distribution within a 
design subassembly is flatter radially. The experiment had an inward flux 
gradient which drove the neutrons into the channel. The larger streaming 
path enhanced the ability of (1) neutrons from the TSR-II which penetrate 
the shadow shield, (2) neutrons from the TSR-II which scatter perpendic
ularly onto the fuel pins, and (3) fission neutrons born in the fuel pins 
which backscatter from the shadow shield to travel the full length of 
the fuel pins and leak from the fuel array. 

In summary, the choice of subassembly mockups might depend upon one's 
major interest. Were one interested in the peak fast-neutron exposure to 
the grid plate, the regular fuel subassembly mockup would be preferable. 
The control subassembly mockup may be preferable for studies concentrating 
on neutron transmission through the grid plate or radiation exposure to 
instrumentation within a subassembly. 
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8.0 IMPLICATIONS FOR THE GCFR 
8.1 Axial Neutron Streaming 

Calculations of axial neutron streaming in the GCFR core and &xial 
blanket are concerned mainly with that relatively and small population 
of source neutrons which, having been emitted in a favorable direction, 
suffer few, if any, collisions and only small changes in direction before 
crossing the axial plane of interest. They travel in relatively long 
flight patiis in the neutronically nearly void coolant channels among the 
fuel pins. Their contributions to given neutron responses become more 
important as they move away from the source, since many of the source 
neutrons will be attenuated by the fuel pins and other structures. The 
experiment incorporated provisions for two parameter variations so that 
the effects of these variations on neutron streaming could be ascertained. 

Four different fuel-pin configurations (II.B, III.A, IV.A, and VI.A) 
were calculated. From these one may obtain some idea of the effect of 
fuel-pin spacing and subassembly spacing on axial neutron streaming. Com
paring calculation^ for configurations II.B, III.A, and VI.A showed that 
varying the interassembly-gap size from 0.318 to 1.27 cm had little effect 
(< 5%) on any detector response behind the configuration. Measured re
sults, however, indicate (by the 5-in. Bonner ball count rate) a differ
ence of 8% in the total flux and (by Hornyak button results) a difference 
of 28% in the E > 1.0 MeV neutron flux. The fuel-pin spacing, on the 
other hand, had a somewhat larger effect on the flux. The effect could 
not be determined directly by comparing results from configurations II.B 
and IV.A, since part of the increase in the neutron leakage from the con
figuration is due to the reduced smeared fuel density within the core of 
the configuration. The remainder is due to streaming. The streaming 
effects for the two configurations were determined separately by compar
ing heterogeneous and homogeneous calculations for the two configurations. 

What one finds in comparing the heterogeneous and homogeneous calcula
tions is that close behind the configurations the streaming effect due to 
pin streaming is about 95! for Configuration II.B (with the higher smeared 
fuel density) and about 11% for Configuration IV.A. Such underpredictions 
of neutron streaming by the homogeneous calculations ordinarily would not 
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be serious since larger factors of conservation are often included to 
account for streaming and other effects. However, when one looks at the 
results 305 cm behind the configurations, one finds that the homogeneous 
calculation underpredicts the 5-in. Bonner ball count rate by 20 to 303 
for Configuration II.B and by about 40*; for Configuration IV.A. The het
erogenous calculations overpredict the same count rate by 35 to 50% for 
Configuration II.B and about 25% for Configuration IV.A. The homogene
ous calculations should thus starr. to underpredict the neutron transport 
through the large penetrations in the grid-plate shields and the grid 
plate. Design-cell calculaticns have shown little difference between re
sults from heterogeneous and homogeneous calculations when only the pin 
geometry portion of the cell is homogenized for the homogeneous calcula
tion. When the grid-plate shield region and the grid-plate region are 
represented homogeneously, a factor of two difference has been noted 
between homogeneous- and heterogeneous-calculated fluxes at the bottom 
of the grid plate. 

In general, the results indicate that the two-dimensional hetero
geneous modelling used in calculations of the 6CFR design is an adequate 
means for representing the core and axial-blanket regions of the GCFR. 

8.2 Fast-Neutron Exposure to the Grid Plate 

One of the major objectives of this experiment was to determine how 
well the calculations pr ict the fast-neutron exposure to the grid Dlate 
as well as the locati: the point of peak exposure. It has been spec
ulated by some that i. attorn of the grid plate over the center of the 
interassrembly gap receives a relatively high exposure when compared to 
the shielded portions of the grid plate. The Hornyak button measurements 
has such spatial resolution that a localized peak-to-minimum exposure 
ratio can be determined with a high degree of certainty. 

Only two configurations (II.D and IV.B) were calculated. Each had 
the subassemblies spaced 1.27 cm apart. The Cor.piguration II.0 core con
tained 127 fuel pins per subassembly while the Configuration IV.B core 
contained 91 fuel pins per subassembly. The 1.27 cm subassembly gap was 
the largest for any configuration and should be the worst case of any as 
far as the differential in the fast-neutron exposure. Thus, the peak-to-
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minimum exposure ratios should be limiting for designs which have the same 
or smaller subassembly gaps. Another consideration is the fact that the 
measurements were taken without the grid plate in place behind the shields. 
The presence of the grid plate has the effect of lowering the peak-to-
minimum exposure ratio. The ratios measured and calculated without the 
,rid plate should be limiting for the ratios expected with the grid plate 
in place. 

Upon examination of the measured and calculated Hornyak button data 
obtained for a radial traverse behind the grid-plate shields of Configu
ration II.D, it was found that the measurement showed a peak-to-minimum 
fast-neutron exposure ratio of 1.5, compared to 1.3 for the calculation. 
This indicates that the calculation gives a flatter distribution across 
the gap and behind the shields than does the measurement. It says noth
ing about how well the peak exposure itself is calculated. Since it was 
determined that the Hornyak button response function was incorrect, it was 
difficult to say directly whether the peak exposure was being calculated 
precisely or more appropriately with a degree of conservatism. So the 
calculated Hornyak button curve was normalized on the centerline using the 
relationship between the calculated and measured 5-in. Bonner ball count 
rate on the centerline. At 30.5 cm behind the configuration, the calcu
lated 5-in. Bonner ball count rate was 1.15 times the measured count rate. 
Normalizing the calculated Hornyak button response on the centerline to 
l.i5 times the measured value results in a calculated peak exposure which 
is 0.98 times the measured value. The difference between the calculation 
and the measurement is well within the uncertainty of about 10% in the 
measurement (see Ref. 3). The question might be asked, "What would be 
the result if the calculated 5-in. Bonner ball count rate were 1.0 times 
the measured count rate?" Since the calculation gives a smaller peak-to-
minimum fast-neutron exposure ratio, it is suspected that the flux coming 
through the large hole in the grid-plate shield is being overpredicted. 
Thus, as the discrepancy in the calculated flux at the center of the hole 
is reduced, the peak flux should remain unchanged or change very little. 
The peak-to-minimum fast-neutron exposure ratio would be changed in the 
direction of the experimental value. It is expected that the peak expo
sure will be calculated well indeed. 
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The calculation for Configuration II.F with the grid plate in place 
can give an idea of the effect of the grid plate on the peak-to-minimum 
fast-neutron exposure ratio. A suitable measurement scheme was not avail
able. The calculation with the grid plate present showed a peak-to-minimum 
exposure ratio of 1.12 compared to 1.3 without the grid plate. If a simi
lar reduction in the measured ratio could be assumed, then one would expect 
a maximum peak-to-minimum fast-neutron exposure ratio of 1.3. This is 
certainly an acceptable differential between the peak and minimum exposures. 

Configuration IV.B showed results similar to those of Configura
tion II.D. The measured and calculated peak-to-minimum fast-neutron ex
posure ratios were 1.4 and 1.2 respectively. As before, the calculated 
Hornyak button curve was normalized on the centerline by the ratio of 
the calculated-to-measured 5-in. Bonner ball count rate 30.5 cm behind 
the configuration. The calculated count rate was 1.14 times the measured 
count rate. The resulting calculated-to-measured peak fast-neutron expo
sure ratio was 1.00, which is excellent agreement with the measurements 
and is well within the 10% uncertainty in the measurements. 

In all the above cases, calculation and measurement alike, the peak 
fast-neutron exposure occurred behind the interassembly gap. Even with 
the grid plate in place, the peak exposure still occurred behind the 
interassembly gap and at the bottom of the grid plate. However, one cal
culation of Configuration II.F (with the prototypic grid plate), using 
an S 1 0 quadrature rather than the 150-angle quadrature, placed the peak 
exposure at the bottom of the grid plate but in the portion of the grid 
plate nearest the hole in the grid-plate shield. Design calculations with 
smaller interassembly-gap sizes have shown a similar trend where the rel
atively low-order S ] 0 quadrature places the peak exposure near the hole 
in the grid-plate shield, while the high-order biased quadrature places 
the peak exposure behind the interassembly yap. In the calculations of 
the experiment, the biased quadrature gives an exposure behind the gap 
which is 1.13 times that given by the S 1 0 quadrature. On the other hand, 
since the peak exposure for the S 1 0 calculation is not behind the gap, 
the difference in the two calculated exposures is smaller. The peak ex
posure for the biased quadrature is 1.07 times that for the S 1 0 quadra
ture. Thus the peak exposure is not seriously underpredicted by the 
lower-order quadrature. 
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From the above discussions, one can conclude that the peak fast-
neutron exposure to the grid plate occurs at the bottom of the grid plate 
and most likely over the interassembly gap. Secondly, the peak exposure 
is calculated well with low-order and high-order quadratures. Thirdly, 
the estimated maximum peak-to-minimum fast-neutron exposure ratio of 1.3 
(see earlier discussion in this section) indicates that there are no 
serious flux-peaking problems in the design grid plate. 

The measurements themselves give indications of the effect of inter
assembly-gap size on the peak fast-neutron exposure to the grid plate. 
Configurations II.D, III.B, and V L B all contained subassemblies bearing 
127 pins per subassembly but had different subassembly gap widths. The 
gap widths were 1.27, 0.635, and 0.3175 cm for configurations II.D, III.B, 
and VLB, respectively. When the fast-neutron dose rates (Hornyak button 
measurements) behind the shield were compared, it was found that the peak 
exposures for configurations II.D, III.8, and V L B were in the ratio of 
1.55:1.15:1.0. Using the results from Configuration VLB as the base re
sults, a p^amct^ic equation was derived for computing the ratio of results 
for other qap sizes to that for the 0.3175-cm gap size (Configuration 
V L B ) . The equation for the ratio is given by 

r = 0.8833 + 0.3150d + 0.1653d2 

where d is the gap width in centimeters. The equation holds for gap 
widths between 0.3175 and 1.27 cm and possibly for a small interval out
side the ranges. Within a few decimal places it reproduces the ratios 
1.55, 1.15, and 1.0 for gap sizes of 1.27, 0.635, and 0.3175 cm respec
tively. The ratios may be maintained with the grid plate present. 

The measured results showed that the peak-to-minimum fast-neutron 
exposure ratio increased with increasing gap widths being 1.15 for the 
0.3175-cm gap, 1.3 for the 0.635-cm gap, and 1.5 for the 1.27-cm gap width. 
The peak-to-minimu,n exposure ratio for Configuration IV.8 with a 1.27-cm 
interassembly-gap width and 91 fuel pins per subassembly was 1.4, slightly 
low?r than that for Configuration ILD which also had an interassembl>-
gap width of 1.27 cm but 127 fuel pins per subassembly. The presence of 
a control-rod channel (Configuration V.B) did not change this result. 
The peak exposure for Configuration IV.B was 1.6 times that for Configu-
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ration II.D due to the reduced smeared fuel density in the core of Con
figuration IV.B (since calculations showed the streaming effects to be 
about the same for the cores of the two configurations). 

Overall the results indicate that the peak fast-neutron exposure to 
the grid plate increases in a nonlinear fashion as the gac width increases. 
In a like manner, the localized flux peaking also becomes worse as the 
gap width increases. However, the measurements were taken without a grid 
plate behind the shields. Calculations have shown improvements in the 
flux-peaking factors in the presence of the grid plate. Thus the meas
urements without the grid plate give the worst possible peaking factors 
for a given interassevnbly-gap size. 

8.3. Neutron Source for the GCFR Upper Plenum 

Another objective for this experiment was to determine how well the 
neutron source for the GCFR upper plenum has been calculated in the past 
using methods which were used to analyze the experiment. The difficulty 
lies in finding a suitable two-dimensional model which can adequately rep
resent the relatively large penetrations in the grid plate and the grid-
plate shields. Inadequate representation of those penetrations can result 
in gross overprediction or underprediction of the neutron transport through 
the grid plate. The angular distribution of those neutrons as they emerge 
from the grid plate can also be distorted. A neutron spectrum measurement 
34.29 cm behind Configuration II.F and detector measurements in a radial 
traverse 305 cm behind the configuration can be used to assess the ability 
to calculate both the energy and angular distribution of the neutrons leav
ing the grid plate. The detector a large distance behind the grid plate 
effectively sees the source at a single point and senses mainly energy 
and angular variations in the flux. The portion of the angular distribu
tion measured in the distant traverses may be only that portion with co
sines of 0.9 to 1.0 with respect to the normal to the source surface. The 
traverse close behind the grid plate verifies the angular distribution 
for the remaining cosines, though the source can no longer be viewed as 
emanating from a point. 

The calculations of neutron transmission through the grid plate of 
the experiment (Configuration II.F) gave detector responses behind the grid 
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plate which were 1.5 to 2.2 times the measured values. The calculated 5-
in. Bonner ball count rates 30.5 cm behind the grid plate were substanti
ally higher than measured until the traverse was a short distance radially 
beyond the outer grid-plate penetrations; then the calculated and measurej 
results nearly coincided (Fig. 32). At 305 cm (Fig. 35) the calculation 
overpredicted the measured results by a nearly constant factor of 2 e/er 
much of the traverse. The two sets of results, together with the fact 
that the fast neutron flux 34.29 cm behind the grid plate was overpre
dicted by a factor of 1.5, indicate that the angular fluxes in the most 
forward directions (n > 0.9) are too high. The results also imply that 
design calculations using the same biased quadrature us?d ;n the experi
ment analysis would give a very conservative estimate of the neutron 
transmission through the grid plate, which would in turn give rise to a 
conservative source for the GCFR upper plenum. However, design calcula
tions in the past have used a lower-order quadrature for neutron transport 
calculations in the GCFR. In particular most cell calculations have been 
performed with S 1 0 quadrature (70 angles) and full mockup calculations 
have been performed with an S 6 (30 angles) or S 1 0 quadrature. These have 
35 and 15 angles, respectively, in the forward direction compared to 115 
in the biased quadrature set used in the experiment analysis. In the for
ward direction, the biased set is basically an S 1 0 quadrature set with 
additional n-levels added in the most forward n-level of the S 1 0 set. 

The above being the case, one could not make a direct inference 
from the calculations of the experiment to the calculations of the design, 
unless of course one would use the same quadrature in the design calcula
tions. Consequently, a design cell calculation was made using the biased 
quadrature used in the experiment analysis and Configuration II.F (with 
the prototypic grid plate) was recalculated using the S 1 0 quadrature pre
viously used in the design cell calculation. The cell calculation results 
showed that at the center of a penetration at the top of the grid plate, 
the biased quadrature gave E > 1.0 MeV, E > 0.1 MeV, and total neutron 
fluxes which were factors of 2.2, 1.5, and 1.4, respectively, times the 
results given by the S 1 0 quadrature. Elsewhere, at the bottom of the grid 
plate and in the grid plate webbing (top and bottom), the S 1 0 results were 
comparable to and slightly higher than the biased quadrature results. 
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the same factors by which the calculation overpredicted the measurement, 
it was felt that the S 1 0 quadrature might have been more suited to calcu
lating the neutron transport through the grid plate than the biased quad
rature. However, results from the S 1 0 calculation of the experiment 
Configuration II.F showed that quadrature to be quite inadequate for 
calculating the experiment. The ratios of the biased-quadrature-calculated 
E > 1.0 MeV, E > 0.1 MeV, and total neutron fluxes at the top center of 
the grid-plate penetration to the respective S10-calculated fluxes were 
6.8, 3.3, and 2.9, respectively, more than double the ratios for the design 
calculation. At 34.3 cm behind the grid plate, the Si0-quadrature calcu
lation underpredicted the 3-in. Bonner ball count rate, the E > 0.9 MeV 
flux, and the E > 0.12 MeV flux by factors of 3.8, 12.3, and 5.3 respec
tively. These ratios might b*> expected to be reduced by more than half 
for the design calculation since flux ratios at the top of the grid plate 
for the experiment calculation were more than double those for the design 
calculation. 

At 305 cm the S ! 0 quadrature underpredicted Bonner ball count rates 
on the centerline by factors of 35 to 85. The agreement between calcula
tion and measurement gets better off centerline. For example, the calcu
lated 5-in. Bonner ball count rate 122 cm off the centerline is 1.2 times 
the measured value. Design calculations using the S 1 0 quadrature are not 
expected to underpredict radiation levels in the upper plenum by factors 
of 35 to 85, due in part to the discussion above which showed that the 
design calculation gave less than half the und^prediction of the experi
ment calculation. Secondly, the neutron reflections from the upper shields 
and the PCRV surrounding the plenum creates a more uniform flux field in 
the upper plenum than that in the open space behind the grid-plate Con
figuration II.F. 

In summary, the above discussion implies that based on calculations 
of the experiment and the design with the biased quadrature and S 1 0 quad
rature, design calculations which have used an S 1 0 quadrature in the past 
may have underestimated the E > 1.0 MeV neutron flux by a factor of 4.0 
and the E > 0.1 MeV and total neutron fluxes by a factor of 2.5. These 
factors are perceived as upper bounds to the underpredictions. Most 
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design constraints for the upper axial region have beer, met with suffi
cient margin that such uncertainties can be accomodated with the present 
shield design. 

9.0 SUIWARY 

The results of the analysis of the GCFR Grid-Plate Shield Design 
Confirmation Experiment have been presented. The establisned objectives 
of the experiment were met. The shadow shield eliminated the direct 
neutron-streaming source and allowed the scattered beam to place the dom
inant source within the fuel pins themselves. The effects of neutron 
streaming on neutron leakage from the core were calculated to be between 
9 and ^^% for void fractions between 44.5 and 60.2:. The calculated 
effect of interassembly-gap size on the leakage from the core was small 
since there was a difference of less than 5% between the leakage for a 
0.3175-cm gap width and that for a 1.27-cm gap width. Centerline meas
urements behind the fuel pins, however, indicated a larger effect due to 
gap width. A difference of 28- was noted in the Hornyak button response, 
indicating about a 28% difference in the E > 1.0 MeV neutron flux. The 
difference of 8% in the Bonner ball count rates (versus 5- for the calcu
lation) leans about an 8- difference in the total flux. Hence, varying 
the ga size between 0.3175 and 1.27 cm is expected to have only a small 
overal. effect on neutron leakage from the GCFR axial blanket. 

In terms of the peak fast-neutron exposure to the grid plate, the 
effect of the interassembly-gap width variation was much larger than the 
effect on the leakage from the axial blanket. While there was only an 
18'; cifferer.ee in the centerline Hornyak button responses, the peak values 
in the grid plate differed by 55" between configurations with 0.3175 cm 
and 1.27 cm interassembly-gap widths. A parametric quadratic equation 
was derived which expressed the ratio of the fast-neutron exposure for a 
particular gap width between 0.3175 cm and 1.27 cm to the fast-neutron 
exposure for a gap width of 0.3175 cm. The equation, though based on 
measurements behind the grid plate shields without the grid plate, was 
expected to hold for configurations with the grid plate present. 

The peak fast-neutron exposure to the grid plate was found to be 
calculated well. Calculated peak Hornyak button responses, when renor-

http://cifferer.ee
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malized using the calculated 5-in. Bonner ball count rate and the measured 
Hornyak button response and 5-in. Bonner ball count rate on the center-
line behind the shields, were found to lie within 2% of the measurements 
for two configurations. These differences between calculation and meas
urement were well within the 10% uncertainty in the measurements. 

Lastly, initial calculations with a high-order biased quadrature 
gave very conservative results for the neutron leakage from the top of 
the grid plate. Calculated fluxes and Bonner ball count rates were 1.5 
to 2.2 times the measured results. A subsequent calculation with a lower-
order S l 0 symmetric quadrature greatly underpredicted detector responses 
behind the grid plate. It was determined that this quadrature might 
underpredict fluxes in the GCFR upper plenum by factors of 2.5 to 4.0. 
Constraints having been met by a large margin in the upper axial regions, 
the application of such bias factors to calculated responses can be 
accommodated without redesign. 

In conclusion, the results presented have shown that methods and 
data used in the analysis of the GCFR design are adequate for calculating 
(1) axial neutron streaming in the GCFR core and axial blanket for a vari
ety of fuel-pin and subassembly spacings, and (2) the amount and location 
of the peak fast-neutron exposure to the GCFR grid plate. The methods 
were found lacking when used to calculate the neutron leakage from the 
top of the grid plate into the upper plenum. Results were sensitive to 
the quadrature set chosen. Future design calculations of neutron and 
gamma-ray transport through the grid plate will place greater emphasis 
on quadrature. 
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GCFR GRID PLATE SHIELD DESIGN EXPERIMENT (FY-78) 
(DATA PLAN) 

I. Reactor Source Comparison. 

A. 10.16-cm Fe + 2.54-cm Boral. 

1. 3-, 6-, and lO-in.-diam Bonner balls on centerline at 
30.5 cm behind Boral. 

II. Fuel Pin Shield Assembly (1.27-cm void between subassemblies, 
889 fuel pins) (Priority 1A). 

A. Fuel pin-concrete shield without fuel pin subassemblies. 

1. Traverses along beam centerline from zero to 457.2 cm 
beyond concrete o'.iadow shield using the 
a) Bare, Cd-covered, and 5-in.-diam Bonner balls. 
b) Hornyak button (i.27 cm). 

2. Horizontal traverse perpendicular to beam centerline 
(121.9 cm each side) at 30.5 cm beyond concrete shield 
using the 
a) Cd-covered and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

3. Traverse perpendicular to beam centerline (121.9 cm 
each side at an angle of 60 with respect to the 
horizontal plane at 30.5 cm beyond concrete shield 
using the 
a) Hornyak button (1.27 cm). 

4. 3-, 6-, and lO-in.-diam Bonner balls on centerline at 
370 cm beyond shadow shield. 

B. Fuel pin-concrete shield with seven subassemblies of fuel 
pins (127 pins each). 
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1. Horizontal traverse perpendicular to beam centerline 
(121.9 cm each side) directly behind the fuel pins 
using the 
a) Hornyak button (0.635 cm). 

2. Horizontal traverse perpendicular to beam centerline 
(121.9 cm each side) at 30.5 cm beyond fuel pin sub
assemblies using the 
a) Cd-covered and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

3. Horizontal traverse perpendicular to beam centerline 
(487.7 cm each side) at 305 cm beyond fuel pin sub
assemblies using the 
a) Cd-covered and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

4. NE213 neutron spectrum measurement on centerline as 
close to the fuel pin subassemblies as feasible. 

5. Hydrogen counter (ID) neutron spectrum measurements 
on centerline at same location as NE213. 

6. Centerline measurements at same location as NE213 
using the 
a) 3-, 6-, and lO-in.-diam Bonner balls. 

Fuel pin-concrete shield with seven subassemblies of fuel 
pins (127 pins each) plus grid plate shield mockup without 
boron subassemblies. 

1. Centerline measurements at 30.5 cm beyond concrete shield 
using the 
a) Cd-covered and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

Fuel pin-concrete shield with seven subassemblies of fuel 
pins (127 pins each) plus grid plate shield mockup with 
seven boron subassemblies. 
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1. Horizontal traverse perpendicular to beam centerline 
(121.9 cm each side) directly behind the boron sub
assemblies using the 
a) Cd-covered Bonner ball. 
b) Hornyak button (0.635 cm). 

2. Centerline measurements at 30.5 cm behind boron sub
assemblies using the 
a) Bare, Cd-covered, and 5-in.-diam Bonner balls. 
b) Hornyak. button (1.27 cm). 

3. Centerline measurements at 305 cm behind boron sub
assemblies using the 
a) Cd-covered and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

4. Axial traverse through grid plate shield from fuel 
pin subassemblies to 30.5 cm beyond grid plate 
shield using the 
a) CD-covered Bonner ball. 
b) Hornyak button (1.27 cm). 

Fuel pin-concrete shield with seven subassemblies of fuel pins 
(127 pins each) plus grid plate shield mockup with seven boron 
subassemblies plus 15.24-cm void plus 61-cm Fe. Surround Fe 
and void with concrete. 

1. Horizontal traverse (152.4 cm) in the void perpendicular 
to the beam centerline as close as feasible to the boron 
subassemblies using the 
a) Cd-covered and 5-in.-diam Bonner balls. 

Fuel pin-concrete shield with seven subassemblies of fuel pins 
(127 pins each) plus grid plate shield mockup with seven boron 
subassemblies plus prototypic grid plate. 

1. Horizontal traverse perpendicular to beam centerline 
(121.9 cm each side) at 30.5 cm beyond grid plate using 
the 
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a) Cd-covered Bonner ball (without B.C cylindrical 
4 

inserts). 
b) 5-in.-diam Bonner ball (with and without B,C 

-4 
cylindrical inserts). 

c) Hornvak button (1.27 cm) (with and without B.C 
cylindrical inserts). 

2. Horizontal traverse perpendicular to beam centerline 
(487.7 cm each side) at 305 cm beyond grid plate using 
the 
a) Cd-covered and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

3. Horizontal traverse perpendicular to beam centerline 
directly behind grid plate using the 
a) Hornyak button (1.27 cm). 

4. NE213 neutron spectrum measurements on centerline as 
close to the grid plate as feasible. 

5. Hydrogen counter (ID) neutron spectrum measurements on 
centerline at same location as NE213. 

6. Centerline measurements at 305 cm behind grid plate 
using the 
a) 3-, 6-, 8-, and lO-in.-diam Bonner balls. 

Fuel pin-concrete shield assembly (0.635 cm void, 889 pins) 
(Priority IB). 

A. Fuel pin-concrefe shield with seven subassemblies of fuel 
pins (127 pins each). 

1. Horizontal traverse perpendicular to beam centerline 
(121.9 cm each side) directly behind the fuel pins 
using the 
a) Hornyak button (0.635 cm). 

2. Centerline measurements at 30.5 cm beyond fuel pin 
subassemblies using the 



a) Cd-covered and 5-in.-diam Bonner balli 
b) Hornyak button (1.27 cm). 

3. Centerline measurements at 305 cm beyond fuel pin sub
assemblies using the 
a) Cd-covered and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

Fuel pin-concrete shield with seven subassemblies of fuel 
pins (127 pins each) plus grid plate shield mockup with 
seven boron subassemblies. 

1. Horizontal traverse perpendicular to beam centerline 
(121.9 cm each side) directly behind the boron sub
assemblies using the 
a) Cd-covered Bonner ball. 
b) Hornyak button (0.6?5 cm). 

2. Centerline measurements at 30.5 cm beyond boron sub
assemblies using the 
a) Bare, Cd-covered, and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

3. Centerline measurements at 305 cm beyond boron sub
assemblies using the 
a) Cd-covered and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

Fuel pin-concrete shield with seven subassemblies of fuel pins 
(127 pins each) plus grid plate shield mockup with seven boron 
subassemblies plus 15.24-cm void plus 61-cm Fe. Surround Fe 
and void with concrete. 

1. Horizontal traverse 152.4 cm in the void perpendicular 
to the beam centerline directly behind the boron sub
assemblies \_sing the 
a) Cd-covered and 5-in.-diam Bonner balls. 

file:///_sing


80 

Fuel pin shield assembly (1.27-cm void, 637 pins) (Priority 1C). 

A. Fuel pin-concrete shield with seven subassemblies of fuel 
pins (91 pins each). 

1. Centerline measurements at 30.5 cm beyond concrete shield 
using the 
a) Cd-covered and 5-in.-diam Bonner balls. 
b) Hornyak button (1,27 cm). 

2. Center line measurements at 305 cm beyond fuel pin sub
assemblies using the 
a) Cd-covered and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

B. Fuel pin-concrete shield with seven subassemblies of fuel 
pins (91 pins each) plus grid plate shield mockup with 
seven boron subassemblies. 

1. Horizontal traverse perpendicular to beam centerline 
(121.9 cm each side) directly behind the boron sub
assemblies using the 
a) Cd-covered Bonner ball. 
b) Hornyak button (0.635 cm). 

2. Centerline measurements at 30.5 cm beyond boron sub
assemblies using the 
a) Cd-covered and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

3. Centerline measurements at 305 cm beyond boron sub
assemblies using the 
a) Cd-covered and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

C. Fuel pin-concrete shield with seven subassemblies of fuel 
pins (91 pins each) plus grid plate shield mockup with seven 
boron subassemblies plus 15.24-cm void plus 61-cm Fe. Surround 
Fe and void with concrete. 
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1. Horizontal traverse 132.4 cm in the void perpendicular 
to beam centerline directly behind the boron sub
assemblies using the 
a) Cd-covered and 5-in.-diaai Bonner balls. 

Fuel pin-concrete shield assembly (1.27-cm void, 637 pins) with 
seven pins removed from center of central subassembly. (Priority 2). 

A. Fuel pin-concrete shield for seven subassemblies of fuel pins 
the center subassembly having seven pins removed from its 
center. 

1. Centerline at 30.5 cm beyond subassemblies using the, 
a) Cd-covered and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

2. Centerline measurements at 305 cm beyond subassemblies 
using the 
a) Bare, Cd-covered, and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

3. Horizontal traverse perpendicular to beam centerline 
(121.9 cm each side) directly behind the fuel pins 
using the 
a) Hornyak button (0.635 cm). 

B. Fuel pin-concrete shield with seven subassemblies of fuel 
pins, the center subassembly having seven pins removed from 
its center, plus grid plate shield mockup with seven boron 
subassemblies. 

1. Horizontal traverse perpendicular to beam centerline 
(121.9 cm each side) directly behind the boron sub
assemblies using the 
a) Cd-covered Bonner ball. 
b) Hornyak button (0.635 cm). 



8? 

2 . C e n t e r l i n e Measurements s t 30 .5 eta beyond the boron 

subassembl ies us ing the 

a) Cd-covered and 5- in. -diara Bonner b a l l s . 

b) Hornyak button (1 .27 cm). 

3 . Center l ine measurements at 305 cm beyond the boron 

subassembl ies us ing the 

a) Cd-covered and 5 - in . -d iam Bonner b a l l s . 

b) Horr.yak. but ton (1 .27 cnO. 

4. Axial traverse through the grid plate shield from the 
fuel pin assembly to 30.5 cm beyond grid plate shield 
using the 
a) Cd-covered Bonner ball. 
b) Hornyak button (1.27 cm). 

VI. PMP.1 pin-concrete shield assembly (0.318-cm vote, 889 pins) 
(Priority 3; 

A. Fuel pin-ccncrete shield with seven subassemblies of fuel 
pins (127 pins each). 

1. Censerline measurements at 30.5 cm beyond fuel pin 
subassemblies using the 
a) Cd-covernd and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

2. Centerline measurements at 305 cm beyond fuel pin 
subassemblies using the 
a) Cd-covered and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

3. Horizontal traverse perpendicular to beam centerline 
(121.9 cm each side) directly behind the fuel pin 
subassemblies using the 
a) Hcrr.yak button (0.635 ens), 

B. Ft.el pin-concrete shield with seven subassemblies of fuel 
pins (127 pins each) plus grid plate shield mockup with 
seven boron subassemblies. 
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1. Horizontal traverse perpendicular to beam centerline 
(121.9 cm each side) behind the boron subassemblies 
using the 
a) Cd-covered Bonner ball. 
b) Hornyak button (0.635 cm). 

2. Centerline measurements at 30.5 cm beyond boron sub
assemblies using the 
a) Bare, Cd-covered, and 5-in.-diam Bonner balls. 
b) Hornyak utton (1.27 cm). 

3. Centerline measurements at 305 cm beyond boron sub
assemblies using the 
a) Cd-covered and 5-in.-diam Bonner balls. 
b) Hornyak button (1.27 cm). 

VII. Fuel pin-concrete shield with Fe-pin assembly (967 pins). 

A. Traverse along beam centerline from zero to 152.4 cm beyond 
Fe pins using 
1) Cd-covered and 5-in.-diam Bonner balls. 
2) Homyak button (1.27 cm). 

B. Horizontal traverse perpendicular to beam centerline (91.5 cm 
each side) directly behind Fe pins using 
1) Cd-covered Bonner ball. 
2) Hornyak button (1.27 cm). 

C. Horizontal traverse perpendicular to beam centerline (91.5 cm 
each side) at 30.5 cm behind Fe pins using 
1) Cd-covered and 5-in.-diam Bonner balls. 
2) Hornyak button (1.27 cm). 

D. Horizontal traverse perpendicular to beam centerline (91.5 cm 
each side) at 305 cm behind Fe pins using 
1) Cd-covered and 5-in.-diam Bonner balls. 
2) Homyak button (1.27 cm). 
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VIII. Fuel pin-concrete shield with Fe-plate assembly. 

A. Traverse along beam centerlire from zero to 152.4 cm beyond 
Fe plates using the 

1) Cd-covered and 5-in.-diam Bonner balls. 
2) Hornyak button (1.27 cm). 

B. Horizontal traverse perpendicular to beam centerline (91.5 cm 
each side) directly behind Fe plates using the 

1) Cd-covered Bonner ball. 
2) Hornyak. button (1.27 cm). 

C. Horizontal traverse perpendicular to beam centerline (91.5 cm 
each side) at 30.5 cm behind Fe plates using the 

1) Cd-covered and 5-in.-diam Bonner balls. 
2) Hornyak button (1.27 cm). 

D. Horizontal traverse perpendicular to beam centerline (91.5 cm 
each side) at 305 cm behind Fe plates using the 

1) Cd-covered and 5-in.-diam Bonner balls. 
2) Hornyak button (1.27 cm). 
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191 0056 or 565 IR- I .NRINC 
191 CO? 7 | F | X N * l l . t * l . l T . 0 . O I X » * N < l , [RM3.C 
ISN C0?<) 565 X N M l » 0 5 , I P » » X N N I I » 0 5 , M I » X N N ( f . • • • • W T M I I 
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I C J » = 1 ? »"-^ . .(•!«-) 
11*1 l * *• I l ^ 
i l i i - « < . . . t . . o : r n 

L I 7) = i r •••»»,<ijo'j 
1.181=19 • • " • • « ? m 
N = 0 " N V 0 7 I 0 
f>-. I 1 = 1 . - . •>:<:••02'" , 

v i ' i l l i « ' . v o ? - » i 
<•« 11 = 0 • • • ' • • 1 ? * 1 
i f i n . N f . i i ^ M i - i o n . ! • i i - » i m i w o . ' s o 
N = < M * 0 ( N , ' M T T I " K 1 : 1 " * ! ! 
I I 2 ! = 1.N • •.'C-ir"7 -> 
1 1 3 . l « l , 9 • • V l ' d l 
I f l H ( J t . f . C . I , -;n T-, t " . - JV0?11 
Z I J I = « •••<:•."••'10 
f O T ( ? « J » l l^FMT | ( | I ' l V U ' l O 
C P T ( > » ; » ? ) = r ^ f | » ( r - K M 1 3 ? i 
r,o TO -a i v c v o ^ p 
l i n i J I " W i ^ i 
I t ' i m . l l • » - 1 < " V 0 ? * n 
< T ( j » = n ( i i i • • • • v o i 6 i 
t p r < ? « J » I i=c>iT( 11 w o i ' i 
C O T ( ?» ) » ? ) 5 f N T | ? | "M<:"j i i«n 
I F ( * . l t . l » B < ; ( l 1 ( L L I »ir ,o TO 1 " - I V I ? " : ) 
f on ?• . I» I I = F N T ( H A>;vr*oo 
f »T( ? « j » ? » » r M ' ( 4 i v : v o * 1 0 
C I N M N U * r<ivn*?o 
WRITE ( N O ' I . F O M ' , ! / ( J I . J = l . f i l » " ' V 1 * - » 0 
ocrnoi »."ivo**o 
FNO " • ' V O i S O 

T V 1 1 H 
i v i oms 
i v ooo* 
! ' • : I l l ' 
1 *•• 0O19 

T V 1<<1° 
1 

t V 001 1 
T I N 0 0 1 ! 
' V 0 0 ! ? 
T V 0 0 1 1 
T V i 0 1 1 * 
is* ' oois 
T V 011» 
1 V 0 0 1 ' 
T *y • V j i * 
i v . on? <> 
i v oo'o 
« V ' 0 1 ? 1 
T V 0 0 7 ' 1 
T V 0">?* 
T v i n o ' 5 
I V 00? F. 
T V 0 0 ' " 
T V 1 1 ' ^ 
r v 0 1 3 1 
T V 013 T 
T V 0 0 3 ' * 
» v 0 1 3 3 
T V 0 0 1 * 
T V ' 003S 
T V 00 V 
T V 0 0 3 7 
" v 0 0 ? " 
r v 0 1 * 0 
i r « . f.o*T 1 
T V 004? ? 
! V 0 1 * ' 
T«»' 0 1 * * 
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DISKTRAN 

DISKTRAN is a computer code which uses the angular fluxes from the DOT 
scalar flux and moments data set (or any disk boundary source) to calculate 
responses at detectors within a void. The angular flux in a localized qua
drature is computed at the detector position and is summed with weights to 
give the total flux. Variation of the angular flux over the DOT quadrature 
is allowed to be constant, linear, or exponential in both the azimuthal and 
polar directions. Linear and exponential variation with radius are options. 

DISKTRAN Input 

R-Z Problem top and bottom boundary angular fluxes (all directions) are in
put on unit 1. 

1$ [12 entries] 

IGM Number of groups 
IM Number of I-intervals for boundary source 
MM Number of directions in boundary source quadrature 
ND Number of detectors 

NRESP Number of response functions 
NN Spare (enter 0) 

INTRPA 0/1/2 = constant/linear/exponencial angular flux in y 
INTRPP 0/1/2 = constant/linear/exponential angular flux in n 
NAZL Number of divisions in the azimuthal direction in localized 

quadrature at detector (0 means 2n in polar level n). 
NPRL Number of divisions in the polar direction in localized quadrature 

at the detector 
ISTAT 0/1 = print responses by group and detector/print responses by 

detector 

2* [one entry] 

ZS0R Z location of boundary source 
T Block termination. 
3* MU's [MM entries] 
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4* ETA's fSH entries] 
5* WEIGHTS [MM entries] 
8* Radii for boundary source [HH-1 entries] 
9* Radii for detectors [ND entries] 
10* Heights for detectors (ND entries] 
11* Scale factors by response function [VRESP entries] 
12* Response functions by group [IGM* NRESP entries] 
13$ Triggers to punch responses [ND entries] 

T Block Terminator 

A listing follows except for some input and output subroutines which 
are obtained from a local library at execution time. 



10/ 

I F W l ? l , l I JU* 7* I OS/MO FfWT»»N H 

CCPPIIFP CPTION0 - N*«F« "«I«.1PT-0?.IINCCNT>60,SIZC«OOOQK. 
S«W«CF.F«C5lf,"lOU':T,«r»0EOt.L0».«<*».«IOFO|T.|0.«HMeF 

ISN 3007 CO«"ON Ol l l . l l « |T , lF l .T , t .»J | ,» .eT» , lnTS.L»MI» . l»KT, l t»0 . l»<>FT, lZ f ) f T, 
1 lSC«ir . l *6SP. l lPU«l . l .PMl .LNPHl , l .NCNP.tr t l l . l .FD6T. lDOS. l . ) r9F. l»ST, 
? ICNT.NC"X.ITF«,NP,(.FNG TM. |G«, 1«,«N,ND,N*FSP.NN. INT»P», |NT«PP. 
3 I N T P M . N f t A . N M l . t S T t T . Z S I P 
* ,<Xr*Y<10OOOOI.X 

TSN oooi OI"FNSION 10(11 
ISN 000* F0UWM.ENCE 10111 .10 (1 (1 
I S * 0005 i F N C T I O U ' K I I I - t O C t O M I t l / * 
I S * OOOfc ING«IF«ICTM 
r s i COOT OC 10 l«« , tNG 
I V ! 000» : s o ( i i « o . a 
ISN 0009 l£ftCTM«(.NG 
ISN 0010 i i < T « 7 a 
I S * 0011 I F I T « * 0 
I V ) 0012 l " » * * l 
I S * 0011 C » U F 1 0 * 5 ( 0 , 0 . 0 . 2 . J 3 . 5 , 6 1 
ISN 0 0 1 * ICP«IGN*I 
IV* 0015 lFT»»l"U»Ni« 
I S * 0016 LHTS»lfT»»MN 
ISN 0 0 1 - l»HI»«l l |TS»»N 
1 CM 1 -J\ » • i.̂ !» - - i ^ r i i i * - , * * 
ISN 0019 (.•10*L»U T»NM 
ISN OO20 l«OFT«l»»0»IN»l 
ISN 0071 i r0€»«l«0FT»N0 
ISN 0022 ISC»IF»IZOFT»NO 
ISN 00?3 l«FS»«tSC»tF»N«FSP 
ISN 007* UP<J*«l.PFSP»IG««««l«FSP 
IV 0025 ICNU*NO*N*ESP 
ISN 0026 IFI ISTftT.r .T.OIKNU'NPFSP 
ISN 002* l.PHt»l!PUN»!e»*J 
I V 0029 C » l l « I O » S I O . O , 0 . 2 . J 3 . 5 . 6 I 
f « 0030 I$NTIPMNT»P** |NT>*P 
I S * 0031 l * P H I * | PH!»3*MN 
I S I 003? LNC»P»tNPHI*l«N 
ISN 0033 IPCI»INCNP»NN 
IS" 003* r » u O M M i o u N u i . o i i E T t i . a i i w T s i . n u P H M . o i i N P H i i . o u N C w p i , 

1 5r.P0LI,NN.NP,?SNT»P 1 
ISN 003? 0C 30 I ' l . N * 
ISN 0036 I 0 I I P H I » » " » » I - I | . I 0 U N P M I » 1 - I I 
ISN 003T I0UPHI»«N»NPM-1)«1PI INCNP»I - I» 
ISN 001« 0 l t P M I * N N » 2 » N P » T - l ) . p I l P 0 l » I - l » 
ISN 0039 30 t c w m u f 
ISN 00*0 INPM!«LPMI*NN 
ISN 00*1 LNC"P«LNPHI»NP 
!SN 00*? l»Gt»L»iC>»»NP 
ISN 00*3 lFO€T»t»ni»NP 
ISN 0 0 * * iors«iFO€T 
ISN 00*5 IF(IST«T.CT.0K0nS«LF0FT»N0«N4FSP 
TSN 00*7 t*kF.LOOS»NO«lr,P«NIIFSP 
ISN 00*8 IC«T«N»1PIN 
ISN 00*9 N0"«« H.ENGTH-IXNF ) / 1 r NT 
ISN 0050 I » ST»l X NF »NGMX • ICNT 
ISN 0051 1 TE»" 11 GM»NG«X-11 fWimt 
ISN 0052 *« |T£ (6 , *0MGN. I * , «N .NO,N»FSP.NN, W » P » , I N T * * * , INTCPft ,NUL ,N»«L . 

1 tST»T,NP,ITFP.KGNX,LFNGTH,l«ST,JSO« 
ISN 0053 * 0 FCPNiTCTHl ICM.IT/TH I N . I 7 / 7 H HN.tT/TH NO,17/ 
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ISN 009* 

!SN 0096 
ISN 0097 
tSN 0098 
I SI 0099 
I S * 0060 
IS* 0061 
I W 006? 
TSN 006? 
ISN 006* 
ISN 0066 
IS* 006 7 
IS" 0068 
IS* 0064 
ISN 0071 

ISN 007? 

IS* 007* 
ISN 007? 

1 TM N«FS»,17/TM NN.17/7H (NT«P»,I7/TM | V i » » , J 7 / 7K M T W 8 . 1 7 / 
? 7M N471. I7 /TM N » n . I 7 / 7 N IST4T . I7 /TH N » , I 7 / 7 M f T * a . I 7 / 
1 7H MGMX.I777M LENGTH. 1 7/7H l»ST , 17 / /7H J V»«. 1PE15.9 
• / / J H T / / I 

M« |TE I6 .90 I 
90 F O « U T | l N I , 4 4 X . ? t * X . , » l P H * ' , 4 X I / l ? X . " « U , . l O X . , F T » ' , 9 X . , . # ! r , H T ' . 

I 7X. • * N a E S , . 7 X , " M E IG«T ' . 7 X , , « » 0 I ! , . ' » X , , » 0 E T ' , » X , >ZTf T ' / l 
C « l l M Q T S I 4 . 9 . 6 , 7 , 8 , 9 . 1 0 . 1 1 . 6 - 0 , 0 1 
M I T E I 6 . 6 0 ) 

60 F0«N»T l lM l ,9X , 'SCM.E ' .9X , • N » H I « , 9 X , , N C » » ' , . 9 X . , » M l » , l 0 x f ' P O i ' / l 
C * l l M Q T 8 I I ? . 1 6 . I 7 . | S , I S , 0 . 0 . 0 , 6 . 0 . 0 1 
U»|7F<6.70 I 

7C FCIWSTIM^ESPTNSE FUNCTIONS 9T &*'»•»• /» 1 
C»U ^•0T^0U«ES»I.N«FSP.IG».1.•G•^•.•. , »FS» ' ,0 I 
N0>N0 
|F|IST«T.GT.0I*P«1 
H«fTF|6,80l 

80 FO»"UT|«lSIGN»LS TO »UNCH »FS»ONSE 0« S»FCTBUN«//I 
C»ll IWCTCOIll»UNI,"O.N«FSP. I.'BFSP'.'OET.'.OI 
IFIJJ.f T.0K»lt EXIT 
C*ll C*lOOS«O«lPMI»»,0(Ll»t«T|,0IL»»OI,0ll«OFTI,0llZ?«:TI,'HiSr«lf », 

1 0H.«E9»|,Dft»i4t l,DU1»H! I.DIlHC>>I.OIL<")tl,1(lOnSi.O(lXNF|, 
? 0(l«U*.OtlFT*t,olt.MTSI.Ofl.l*UNI.0UF:jFT|lIG*,l 
a«ITf(6.90l 

STOP 
ENO 
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I F V f l 2 1 . 8 I JUN 7* I OS/360 F3»T»»N H 

crn»uc» a 
ISN 0002 
IS* 000) 
ISN 000* 
IS* 0005 
IS* 0006 
IS* 000* 
IS* 0008 
IS* 0004 
IS* 0010 
IS* Mil 
ISN 0013 
IS* 0014 
IS* 0015 
I«:s 0016 
IS* 001T 
IS* 001P 
IS* 0020 
IS* 0021 20 
IS* 0022 
IS* 0073 30 
IS* 002* 
IS* 002* 
IS* 0026 
IS* 0027 50 
IS* 0028 
IS* 0079 60 
IS* 0030 
IS* 0031 
IS* 0032 
IS* 00?1 
IS* 003* 
IS* 0036 
IS* 0037 
IS* 003? 70 
IS* 0039 
fSV 00*1 
IS1* 00*2 
IS* 00*3 
(S* 00** 
IS* 00*5 
IS* 00*6 
IS* 00*7 
rs* oo*a 
IS* 00*9 
IS* 0050 80 
IS* 0051 
IS* 0052 
IS* 005* 
IS* 0056 
IS* 0057 
ISN 0058 
ISN 0059 
ISN 00*0 
ISN 0061 
ISN 0062 
ISN 0063 90 
ISN 006* 
IS* 0C65 
ISN C066 
ISN 006T 100 
ISN 0068 
ISN 00*9 120 
ISN 0070 
ISN 0071 

•TIQNS - NINE- N*I'1.0PT«O2,t.lNECNT«60.SIZE-0000«. 
SOU8CE.E8C0IC.N0LIST,*OO€«. tO«O,N«».NO?0IT. I0 , *aMfF 

SUBROUTINE 0U60INU,ET»,*TS.PMI,NPM|,*C*P.Pr»l . .«" . *» . I S * ™ P | 
OINENSION N U I I I , F T « | | » , w T S | l l , » M l U I , N P M | t L»." . «»t l l . P O l l I I 
« f U »U 
•EaL*S SUN.SUN*,SUNT 
0»T» P|/3.1*15927/ 
*P-0 
SUPT.0.0 
OC 50 * M , N * 
SONT-$uwT*tiTSH«l 
IF |MTSI* I .NF.O.0 IGO T1 30 
NP«NP»1 
• C U * P | » f T M N | 
S«»«*$I«U<«I> 
P M | | N | < - P | 
*PMI tNP|« | 
IFINP.EO.IISO TO 20 
NCWM*P|»*C"PI *P- -U»HPHU*P- l l 
CC*TI«UF 
OC TO SO 
CNTINUf 
*PHl ( *P |«*PH| f> lP>* l 
CSfc**UI * l /S* 
PHI(«l«-«*CP$(r.s>il 
CONTINUE 
I « l 
I J » I » I 
P« |N>P01II» 

oc TO J» IJ . *P 
P*m»POHJI 
IF(PNOW.GE.P«I*)GC T" 70 
K«J 
PP|N»P*OH 
CC*T!"IUf 
IF IK.EC. I IGQ *n 80 
P * C * * P O U I I 
P C U I I - P N I * 
PCUM-PNTW 
*H |«NPHI ( t l 
*pvmi-NPHnm 
NPHMKI'NHI 
*CP-*C«PI 11 
NC"PCII««C*P1*I 
NC"PI«I«NC» 
CONTINUE 
l » l » l 
I F I I - I T . N » 1 G 0 <0 6 0 
IFfISNT«P.C€.2IPETU«N 
SUNN-0.0 
OC 1 2 0 | P » I . * P 
MN>NPvmi»> 
pVfVt«N*|*l 
M«N-*CPP(IPI 
SUX-0.0 
OC 90 * ' 2 . N N 
SU">*U"»MTS{*NN**I 
SU«**"StfN*»SUN 
PCI I IP»«-1 .0»2.0»SU*" /SU»T 
OC 1 0 0 N-2.NNN 
PHtlNNN*NI«PHI INNN«N-1 l»P l*MTSINNN*NI/SUM 
PHIINNN»NNI>0.0 
CONTINUE 
MTUftN 
ENO 



no 
LEVEL 2 1 . a ( j u h T * i OS/1*0 F1*T**N H 

CC" 

IVI (WO? 

ISN 000) 

IS* 000* 
ISN 0005 
ISN 0006 
ISN 000 T 
!fl 0008 
ISN 0009 
IS* 0010 
ISM 0011 
ISN 0013 
IS" 0014 
ISN 0015 
IS* 0016 
ISM 0017 
ISN 0018 
IS" 0014 
ISN 0020 
ISN 0021 
ISM 0077 
IS" 0023 
ISN 002 * 
ISN 0075 
ISM 0026 
ISM 0077 
ISM 0078 
ISM 0079 
ISN 0030 
ISM 0031 
ISM 0037 
ISM 0033 
ISM 00 J* 
IS" 003% 
ISM 0037 
ISM 0038 
!V» 0039 
ISM 0040 
ISM 00*7 
ISM 004) 
IS»( 0044 
ISM 0049 
ISM 0046 
ISM 0047 
ISM 0048 
ISM 0049 
ISM 0040 
ISM 0052 
ISM 0053 
191 0054 
ISM 0055 
ISM 0056 
ISM 0058 
ISM 0059 
ISM 0060 
ISM 00*1 
ISM 0062 
ISM 0063 
ISM 0064 
ISM 00*6 
ISM 006T 
ISM 0068 
ISM 0069 
ISM "070 
ISM 0077 
ISM 0074 
ISM 0075 
ISM 0076 
ISM OOTT 
ISN 0078 
ISM 00T9 
ISM 0080 
ISM 0081 
ISM 0087 
ISM 0081 
ISM 0085 

»UF« CaTIONS - N»MF« n* IM.O*r«02. l l *FCMT»60.S!Zr<3000K. 
SOliaCF.EK0IC.NO. 1ST.MOOEOC.lOaO.MP.MOCOtT, IO.MOHFF 

SUflanuTINE CalOnSI rH | * , »«T .a .60 .ao f T,ZG€T.SCM F.»ES».»HI . N T - ! . 
1 MCMf ,»tJl,0OS.X>IF.MU.fT».HTS.lHJM,F0f T . | 0 » l 

COaaxjM 0 l l > . L I > l T . L F l T . L a u l L F T « . L w r s . i a M I 6 . t a « T . | . t 4 q . L « 0 F T . i / 0 f T . 
I t S C » l . F . l « f S » , l l « l * « . i a M I . l « j a H I . l M C a » . i a m . L F O F T , l O C 5 . l I , 9 : . l » S T , 
7 ICMT,MCfix.tTF«.Ma.LEMCTH, I G M . i«.aj<,MO.M«Fsa.Naj.tNTaa«, iMTaaa. 
3 IMTaa« ,Mtn . .M*« l . lST>T . Isna 

0I"FNSION • M I 4 l l l , » « T | i l . » 4 C t l l . a O * T ( l l . 7 ' ) F T I l l , S C 4 l F < l l . * M l ( l | , 
t * F S P t t C " . l l . N » w ! ( l l , ' I C « » < l l . » ' < V l l l . r > S I ! G » . M a . F S » . l l . X M F t M M , ! M , I I 

01 "ENS I T * MU| | | , F T « | | | . M T S < I I . F n E T | l l . l » i a | | I I 
• F * l MO 
0 * * 1 » l / 3 . 1 4 1 5 9 7 7 / 
•FMIMO 1 
I$MT*a>INTKait|MT»»P 
ICM.l-1 
IFflSNT**.CF.2ltC*ll*? 
a*u»a*of l*»i: 
0" 1000 KOsl.NO 
00 IOOC N9"!.M»FS» 
or IOOO I^'I.IG" 

1000 OCSt IG.M»,KO»=O.G 
IC-.»0 
OC 100 ITM.ITF" 
IC»-IO*M 
ir««Miajoiio«»Mn*x-i. >CM| 

OC 1005 IC-I.MC* 
»c*otiitirNFi9.i.tr.i.M«i.MMi,><i. IMI 

1005 COMTIMUF 
OC 90 «0»1,*0 
»0»»C€T1*DI 
ZO-IOSTIRHI 
0qET«S0«T|RO*a2»IZO-2S<3OM«2l 
CX-«D/OOF T 

CZ»IZD-ZSO».I/OOET 
OC-SO«Tuar»-«MMI««2»l IO-ZS1«l««2l 
FTlO»H»0-«Naxl»ao»IZO-ZSa»l»»»l /CiX«OOfT| 
Nr i l -MP»l»N«Zl 
I F I N » Z l . l f . O I N n i - N » « l » « N M l » l l 
n T F « l l . 0 - E T i n i / I 2 . 0 » N P l l l 
M6TF'NTF 
OlFT« l l .O -ET lO I /MP« l 
I F I N » Z I . I E . 0 I 0 1 F T * I I . ( > - F T 1 1 1 / M » l l 
• • * * » " ! M l«0,»N»XI 
oat»soaT|iao-aMNi**2»iz^-ZS'i*i«*2i 
«TI-IZO-ZS0ai/0"M 
0MX-S0«T|IK0»*M«x|*«?»(Z0-ZSnm**2l 
ET2»IZ0-ZS0«I/0MX 
ET"N**a>INtlFTI ,FT2l 
FTMX«aM«XllFTl.FT2l 
OC 1010 J»* ' 2 .M» 
I F I E T N M . I F . * ; i u a » i icn TO 1020 

1010 CONTINUE 
j a i ' M * 

1070 CONTINUE 
00 1030 J»B»J»»,Ma 
IF IFTMX. lE .ao i lJ»«MCO TO 1060 

1030 CONTINUE 
ja»«MP 

1040 CONTINUE 
00 80 i n - U N a a i 
UTE-MITF 
UZ"FTLO»I IH-0 .5»aOlFT 
IFfN6Zl.CT.0IG0 TO 5 
OZ-1.0- I»L*»2»0LFT 

* CONTINUE 
SuZ"S0«TH.O-UZa»2l 
RMZ*N*ZL 
TFtN«Zl . lE .0 IMMZ>2* |P l 
IF I40 .CT.0 .OIGO TO 6 
NNZ-1 
wTF»2.0aiPl»W»Tf 

6 CONTINUE 
0»Z«ai/NMZ 
Ofl 70 MZ«1.MNZ 
1 Z M I » Z H > . 5 I « 0 « 
UX«SUZ*COSMZI 
€T«-CX»UX»CZ«UZ 
00»IZO-ZSO»l/fT 
IFIOO.IT.O.OIGO T1 TO 
*"l»»CZ*UX»CxaUZ 

http://IFfN6Zl.CT.0IG0


I l l 

I S * ooe* 
I S * COST 
I S * 0018 
I S " 0090 
I S * 0091 
I S * 00*7 
IV* 0093 
I S * 009* 
'V* 009* 
IV* 0C97 
IV* 0098 
IV* 01OO 
IV* 0101 
I S * 0102 
IV* 0103 
ISM 010*. 
I S * 010* 
I S * 0106 
I S * 0100 
I S * 0109 
I S * 0110 
I S * 0111 
I S * 0112 
I S * 0119 
I S * O i l * 
I S * 01 I f 
I S * O i l * 
I S * 0117 
I S * 0118 
I S * 0120 
ISM 0121 
I S * 0122 
I S * 012) 
I S * 012* 
ISN 0129 
I S * 012* 
I S * 0 2 7 
IV* 0128 
IS* 0129 
ISN 0110 
IS* G U I 
I S * 0137 
I S * 0133 
IS* 013* 
IS* 013* 
IS* 013* 
IS* 0137 
ISH 0138 
IS* 0119 
IS* OHO 
IS* 01*1 
IS* 01*7 
IS* 01*3 
IS* 0 1 * * 
IS* 0 1 * ) 
ISN 01*6 
IS* 01*7 
IS* 01*9 
IS* 01 SO 
IS* 0 IS1 
ISN 01S2 
IS* 0 IS3 
ISN 01S* 
ISN 01SS 
ISN OIS6 
ISN oisa 
ISN 01S9 
ISN 01*0 
ISN O l M 
ISN 0162 
IS" 0163 
IS* 016* 
l<N 01*9 
ISN 0166 
ISN 0167 
ISN 016* 
ISN 0169 
ISN 0170 
ISN 01 Tl 
ISN 0173 
ISN o n * 
ISN 01 TS 
tSN 0176 
ISN 0177 

S«»S0»M!.0-CT««2» 
OlSC-SM»»2-a*U«»? 
inoisc.iT.a.oir; isc»o.o 
C*T>SQ«T(OtSCI 
K««O-00»»*U 
Y>-0O*ip*r 
»»S0«TU»«7»T*«?I 
i r f * . G T . 8 * u ) G ' l T " 80 
0 0 > * S 0 * T | l » 0 - X I * « 7 » T » * 2 I 
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RODFRAC 

RODFRAC is a computer code which computes the rod fractions within 
specified annular regions and subdivides the annul! according '.o the rod 
fraction therein. It assumes rods on a triangular pitch contained within 
hexagonal elements themselves on a triangular pitch. The volume fraction 
for the walls of the hexagonal duct containing the fuel rods is allowed to 
be included with the rod fraction. Allowance is also made for including a 
separate region for grid spacers, thus partitioning a single annular region 
into three heterogeneous subregions. 

The code assumes the geometry is divided into five zones as shown in 
Fig. C.l. Zone 1 represents a control rod channel and the surroinjing wall. 
Zone 2 is a fuel pin region inside the centrally located fuel subassembly. 
Zone 3 represents the subassembly duct vails and gap surrounding the central 
subassembly. Zone 4 represents the other subassemblies with fuel pins and 

blanket pins, duct walls and gaps included. Zone 5 represents structure sur
rounding the core. A rod oay be composed of up to four regions as shown 
in Fig. C.2. 

RODFRAC Input 

Title card (20A4) 

1$ [13 entries] 

NCYL1 Number of intervals in Zone 1 
NCYL2 Number of rings in Zone 2. Kings will be subdivided by code. 
NCYL3 Number . f Intervals in Zone 3 
NCYL4 Number of rings in Zone 4. Rings will be subdivided by code. 
NCYLS Number of intervals in Zone 5 
NCYT NCYLl + NCYL2 + NCYI.3 + NCYL4 + NCYL5 
IKTY 1/2/3 • 1 fuel subassembly/7 fuel subassemblies/up to 39 rows of 

subassemblies, 19 per row. 
NCOPY Number of times to punch the final radii 
NROW Number o/ rows of pins per subassembly 
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Fig. C.l. Five-Zoned Model for Which RODFRAC Computes Heterogeneous 
Subrings in Zones 2 and 4 and Combines These with the Input Radii in Zones 
1, ?., and b to Give the Final Output Radii. 

Fig. C.2. Multiregion Rod Surrou ided by Coolant in Region 3 and 
Containing Coolant in Region 1. Region 2 May Contain a Single Material 
or Two Different Materials in Zones 2d and 2b. 
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IROT 0 / 1 = Hex f l a t s ir. Y - d s r e c t ion/Hex f i a t s i r X - d i r c c t ior. ( s ee M * . 
C - } ) . N o t e : XRO»", PITCH, DELY, HPITCH, and KDELY ceper.c 11. v.-:.re
ef IROT. F i $ . C.H shows HPI70H nnd HDEI.Y as . r u c t i o n .*:' IK . 

Fig. C.3. I l l u s t r a t i o n of the Paranr^ters '.ROW, PITf^, ar,6 ; - ;Y >.. 
a Function of IROT. 

O P M L - D W G 7 9 - " 9 2 4 

\ _ y W ( HPiTCH * * U -

HPITCH -1 (-»• 

IROT = 0 i R O T ^ f 
Fiq. C.4. I l l u s t r a t i o r of the Parameters HPITCH and HDUY as a 

Function of IROT. 
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IOTKR Greater than zero if other material besides fuel pins, duct walls, 
or coolant is to be included as a separate heterogeneous subring. 
Volume fractions in Zones 2 and 4 (Fig. C.l) are input in the 5* 
array. 

I4ZN Greater than zero if rods consist of a 3- or 4-region cylinder 
(see Fig. C.2) with coolant in the central and outer regions. 
Read volume fractions for region 1 in the 7* array. 

I40TH If greater than zero, region 2 (Fig. C.2) is subdivided into an 
inner region 2a and an outer region 2h. The outer radius of 
region 2b is specified as the rod radius. Volume fractions for the 
material in region 2a are input in the 6* array. 

2* [10 entries] 

RROD Radius of fuel pin (or rod) 
RMAX Maximum radius of region containing fuel pins 
PITCH Distance between centers of pins 
DELY Center-to-center spacing between rows of pins 

HPITCH Center-to-center spacing between subassemblies in a row 
HDELY Center-to-center spacing between rows of elements 
SIDEI Internal length of a side of a subassembly duct wall 
SIDEO External length of a side of a subassembly duct wall 
GRBF Volume fraction occupied by grid spacers (use 0.0 if separate ring 

is not desirable). 
FLATC Distance across flats of duct enclosing Zone 1 of Fig. C.l. 

T Block Terminator 

3* Input radii (NCYT+1 values) 
4* Subassembly duct wall volume fractions for each ring in Zones 2 

and A (NCYL2 + NCYL4 values). Read zeroes for Zone 2 intervals. 
5* Volume fractions in each ring of Zones 2 and 4 of material to be 

included in a third heterogeneous subring. (NCYL2 + NCYL4 values) 
6* Volume fraction for each ring in Zones 7 and 4 (NCYL2 + NCYL4 

values) of material in region 2a of Fig. C.2. 
7* Volume fractions ror each of the rings in Zones 2 and 4 of the 

coolant region 1 of Fig. C.2. 
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T Block Terminator 

(stacked cases) 

NOTE: The volume fractions to be input in tne 6* and 7* arrays 
may be determined using RODFRAC by running several cases 
with the different region radii and differencing the results 
for the desired region. 

A listing follows except for some input and output subroutines 
which are obtained from a local library at execution. 
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I C X S » < I O C I D E N O I - L O C ( 0 1 i . 1 1 / * 
00 1 I - l . L C X S 

I 0 ( 1 1 * 0 . 0 
CM.L S U M P L I l C X S I 
M f t l T E ( 6 . 5 l 

5 F 3 R * U T ( l r l l l 
*TPP 
FNO 

LEVEL 7 1 . 8 ( JU* 7 * I OS/360 FO*T»»N H 

CCWPllfR CPTIOMS - N»")E» N » I N , O P T « 0 2 . L f * c C N T » 6 0 , S I Z E = 0 0 0 0 « . 
SOURCE,EBCDIC,NOl 1ST,NnOECK.LflAD. " U P . NOEOn. fO.NnXREF 

ISN 000? SUBROUTINE S T P E R R U . J I 
ISN 0 0 0 3 N R I T E ( 6 , 1 0 I J , A 
ISN 0 0 0 * 10 F 0 » N » T l l M 0 , t T , 3 X , « E R R 0 R S MERE FNCnUNTE»EO I N T H F a , I X , « * , 1 X . 

1 ' B t O C K ' / l 
ISN 0005 RETURN 
ISN 0006 END 

LEVEL 2 1 . 8 I JUN 74 I OS/360 FORTRAN M 

CC*PILER CPTICNS - NANF» N 4 I N , 0 P T » 0 Z . t IWICNT-- 6 0 , 5 1 ZF'OOOOK, 
SOURCE,FBCOIC,NOLI ST,NOOECK.LOAO,WAP,NOEOIT,Io.NOXREF 

ISN 0002 SUBROUTINE I N T S E C I X O . Y O . R H O . R C C , T t * T A , P H I , I F R I 
ISN 0003 OATA P l / 3 . 1 * 1 5 9 2 7 / 
ISN 0 0 0 * «E»L*8 » , B . r 
ISN 0 0 0 5 I E R * 0 
ISN 0006 R 0 * S O R T | X 0 » » 2 » Y O * * 2 l 
ISN 0007 »»«HO 
ISN 0 0 0 8 SxJO 
ISN 0009 C*»CC 
ISN 0010 C S A « I 8 « « 2 » C " « 2 - A » « 2 I / ( 2 . 0 * B » C I 
ISN 0011 I H A B S I C S A I . G T . l . O I G O TO 20 
ISN 0 0 1 3 AlPHA-ARCOSICSAI 
ISN 0 0 1 * P H | » 2 . 0 « » I P H » 
ISN 0015 C S T « | A * » 7 » B » » 2 - C » « ? l / t 2 . 0 » A » < * r 
ISN 0016 THET*«»»CTS|CSTI 
ISN 0 0 1 7 T H E T * » ? . 0 « | P I - T H E T 4 I 
ISN 0018 RETURN 
ISN 0019 20 I F R » l 
ISN 0O2O RETURN 
ISN 0021 ENO 

LEVEL 2 1 . 8 I JUN 7 * > OS/ 360 FORTRAN H 

CCRPUER CPTICNS - NANt - «JAIN,r>PT«02,L INECNT*6O,S IZE*000OK, 
SOURCC,EBCDIC,NOL1ST,NODE OC,LOAD.NAP,NOEOIT,10,NOXRE* 

ISN 0002 SUBROUTINE AREACIRMO,RCC,THETA,PHI,AREAI 
ISN 0003 DATA P I / 3 . 1 * 1 5 9 2 7 / 
ISN 0 0 0 * S S P - S I N I P H I I 
ISN 0005 SST-S IN ITHETAI 
ISN 0006 »R£B»P1*RH0»«2 
ISN 00O7 I F I T H E T A . G T . P U G O TO 50 
ISN 0009 A R E A » 0 . 5 * I 2 . 0 » P I - T M E T A » S S T » » R H 0 « « 2 » 0 . 5 * < P H I - S S P > * R C C * " 2 
ISN 0010 RETURN 
ISN 0011 5 0 « R E » » 0 . 5 « I T H E T » - S S T » « R H O « * 2 - 0 . 5 « I P H I - S S P I « " > C C « « ? 
ISN 0012 AREA*AREft-A*EA 
ISN 0013 RETURN 
ISN 0 0 1 * fNO 
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LEVFl ? 1 . 8 I JUK / * I OS/160 FnRTRAN H 

CCW11EH CRT IONS 

ISN 000? 
tSN 0 0 0 3 

ISN 0004 
ISM ooos 
tSN 0006 
is* 0007 
! V 0008 

N W E * M M N . n P T * 0 2 . l l N F C N T « 6 0 . S I Z E * 0 0 0 0 K , 
SOURCE,EBCOIC,NT* 1 S T , N O O E C X . L f U D . I A P . N O F O I * . I O . N O X R f F 

SUBROUTINE MANIPLILCXSI 
COMMON 0(ll.LFIX,LFlT,|.RCVl.LVCF,lOTHR.lO*TH,lEXVF,t.RnUT,LF«,L»FA. 

• LCA»EA,LCMRE.IEN0.NCVL1.NCY12.NCYL3.NCYI*.NCY15,NTYT,IKTY,NC0PY. 
1 NROK,IROT,inTMR,I*2N,l*OTH,RRno, 
2 *MAX,PITCH,0ElY,HP:TCM,HnElY,SI0FI,SIOfn,GRtnF.FtAT«: 
OINFNSION TITIFC20I 

5 R E A 0 C 5 , 1 0 , E N D « * 0 I T I U E 
10 FGRMATI20A*! 

W W F I 6 . 2 0 I T I T L F 
2 0 F O R M A T I 1 H 0 . 2 0 A * / / I 

ISM 0 0 0 9 
»SN 0 0 1 0 
ISM 0011 

L F I X « 1 5 
L F I T * 2 8 
l » C V t « 3 8 

IS»! 0012 
ISM 0 0 1 3 
ISM 0014 
1S"J 001S 
I V * 0 0 1 7 

J * » 0 
CALL F I 0 A S ( n , D , 0 , 2 , J 3 . S , 6 I 
J * » J * » J 3 
I F ( J * . G T . O I C A l l STPE"»RIMST ' . J 3 I 
GOOFiGPIOF 

IS*.' 0 0 1 8 

ISN 0019 

C 
c 

I SI 0020 
ISM 0021 
ISM 0022 
ISM 0023 
tSN 002* 
ISM 002* 
ISM 0026 
!SN 0027 
ISM 0028 
ISM 0029 
ISM 0030 

c 
ISM 0031 
ISM 0032 
ISM 003* 
ISM 0039 
ISM 0036 
ISM 0037 
ISM 0038 
ISM 0039 
TSN 00*1 
ISN 0043 

ISN 00** 
ISM 00*5 
ISM 00*6 
ISM 00*7 
ISM 00*8 

H » l T F ( 6 , 2 2 » M C Y L l . N C V l 2 , N T V l 3 , i r Y t * t N r V l 5 . N C Y T , I » ( T Y , N C 0 P Y , M R 1 t l , 
• I P O T . I C T H B , I * Z N , I * f T H , 
1 » R 0 0 , R » > A X , P I T C H , O F L V , H P I T C H , H O F L Y , S i n e i , S I O F 0 , C O 0 F , F l A T r 

22 F 0 M A T I 7 H 0 MCY11 .1S /7M M C Y L 2 . I S / 7 H N C Y 1 3 . I 5 / 7 H N r V L * , I 5 / 
1 7H N C V L S . I 5 / 7 H V C Y T . I 5 / 7 H I K T V . 1 5 / 7 M N C n P V , I 5 / 7 H NROM,15/ 
• 7H I P O T . I 5 / 7 H i n T n R . I 5 / T u I * Z M , I 5 / T H l * n T n , l 5 / 
2 / 7 H « « n 0 . 1 P F 1 3 . 5 / 7 H R M A X , I P £ 1 3 . 5 / 7 H P I K H , I P F 1 3 . ? / 7 H O E I Y , 
3 1 P E I 3 . 5 / 7 H M P ! T C H , | P F 1 3 . S / 7 H H O E l Y . I P F 1 3 . 5 / 7 H S J D F l , 1 P F 1 3 . * / 
• 7H S 1 0 E 1 , ' . P E 1 ? . 5 / 7 H r , R D F , l P E 1 3 . 5 / 7 H F! ATC, 1PE! 3 . 5 / / 2 H T / / I 

NCY2*«NCY12»NCVI* 
LVCF*L«CYL»NCYT*1 
ICTHR*LVCF»MCY2* 
LC*TH«tCTHR»MCY2* 
IEXVF* ' . 0 *TM*NCY2* 
LR<!UT*IEXVF*NCY2* 
IFR*LR0UT»NCVT»3«NCV2*»1 
LRFA*LFR 
LCARFA*LRFA»NCY2* 
LCWAPE*LC ARFA»NCYT 
LEN0»LC*ARE»6«NCYT 

KRITEI6,50HEND,LCXS 
tFi iENO.r.T. icxsir .n TO * O 
ILS«LEN0-1 
00 25 l«LRCVL,US 

25 O I I I ' O . O 
CALL F I Q A S I D . 0 . 0 , 2 , J 3 . 5 , 6 I 
J*>J**J3 
IF(J3.GT.0»CALL STPERR(»2N0 «,J3» 
IFfJ*.GT.O>CO TO 5 
CALL RiNGOIO(LRCYLI.D(LROUTI,OfLRFA|,0(LCARFAI,D(LVCF|,0<lEXVf I , 

1 0<LC*A«EI,OILOTHR»,OIIO*TH| | 
GO TO 5 

* 0 CONTINUE 
50 FORNATIIHO,18,2X,'LOCATIONS REQUIRED VS»,I8,2X,»AVAILAPAE•/» 

RETURN 
ENO 
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IEVFI 21.8 I JUN 74 » OS-'160 FO»T»»N H 

CCRHER CPTICMS - NANF- NAlN,n»T«0?.I.INCCNT«63.M2F*3000Rt 
SOURCE.ESCOIC.NOL1ST.NODECK.LOAO.NAO.NQFOIT,IO.NOXCFF 

SU8ROUTINE RINGntRCYl.ROIT.RFA.CAREA.YCF.EXVF.CNAPEA.CTMR.fHTHI 
COmOX 0ll l iLFIX,LFLT,l«CVL.LVCF,L0TH«,L04TH,lFXVF.L<(0UT.LF*,LBFA, 

• LCAREA.lCtWRE.lENO.NCYll.NCYI^.NCYll.NCYH.NCYlS.NCYT.IKTY.tCnRY, 
1 NROW,|ROT,IOTMR,t*fN,I*nTH,KRno, 
2 R»AX,PtTCM.0FlV,H»tTCH,HCElY,SI0FI,SIOFn >G»!0F,F|.ATr: 

OINFNMON • C V l U I , « n U T | l l , * F A ( l l , C A < I F A I l l T v r F l l | . F X V F U I . r H t n F A U I 
0I"ENSION OTM«U».0*TM|I I 
OATA H / 3 . 1 4 1 5 9 2 7 / 
R0AREA«PI«RR0D»*2 
AFUFlAsO.O 
AFUEL8»0.0 
AGRIOA'O.O 
AGRIOR'O.Q 
AVCIOA*0.0 
AVOI08*0.0 
|R»T»!«OT 
IROT~MOOIIROT,;I 
KAY-1 
IFI IKTV.E0.2.AN0.IRAT.GT.I IKAY*? 
IRCO'O 
AR2*NR"M/2 
NR3«lNR1l*»l»/2 
IXWAX-10 
l**AX*20 
IF<NnOI IKTV»2,3 l . lE . l i lXNAX*l 
!FI«mOIIKTT»2,3».eO.OII»«AX»l 
IF I«OOI IKTy»2,1 l .eo . l» !V"AX*1 
S O 3 « S O R T I 3 . & I 
F I A T « S I D E I » S 0 3 
DO 5 I M . N C Y T 

5 CA«eA<!l=oi««RCYt(J»U««2-l«r.YLI! >»»2t 
IY*1 
IH«0 

10 CONTINUE 
YHC»IIY-1I*M0FIY 
NO-0 
! F ( I H . 0 T . 0 I 

•CALL XCIUOIXHC.YHC.SIOF".IROT,1,N0,R*»X,XHf.YHC.RRnD) 
IFINO.GT.OIGO TO 220 
IX«1 

20 CONTINUE 

XHC'.'IX-1*0.5«MOOIIV»1,2II«HP|TCH 
I F I I H . G T . l l 

•CAl l XClUOIXHC,YHC.SIOEO, IROT^.Nf.RHAX, XHC.Vnr,,RROO» 
|F(NO.GT.0>r.O TO 210 
I R W C V l l * l 
IR2»t»l»NCYl2- l 
K-0 
IFMH.E0.1.ANO.NCVL2.GT.OIG0 TO 30 
!R1«NCYU»NCV12*NCY13»1 
1R2-IRI»NCV14-1 
K»NCVL2 

30 CONTINUE 

IC»I*2 
VSTRT«YHC-NR2«DEIV 
00 200 NR-l.NRCW 
VC«VSTRTMNR-Il»06lY 
I M V C . I ' . O . O I G O TO 200 
NN«NRO> ASSINR-NH2-II 
IF(l*OT.EQ.OIGO TO 32 
NN»NR 
IF|NN.GT.NR3INN»2«NR3-NR 

32 CONTINUE 
ANN-NN 
XSTRT«XHC-0.5«C*NN-l.OI**ITCH 
NPHO 
00 190 NX-l.NN 
XC»XSTRTtINX-lI'PITCH 
IFIXC.IT.O.OIGO TO 190 
GC TO (33.341.KAY 

ISN 0002 
ISN 0003 

ISN 000* 
ISN 000* 
ISN 0006 
ISN 0007 
ISN oooe 
ISN 0009 
ISN 0010 
ISN 0011 
ISN 0012 
ISN 0013 
ISN C014 
ISN 0015 
ISN 0016 
ISN 0017 
ISN 0019 
ISN 0020 
ISN 0021 
ISN 002? 
ISN 0023 
ISN 002* 
ISN 0026 
ISN 0028 
ISN 0030 
ISN 0031 
ISN 0032 
ISN 0033 
ISN 003* 
ISN 0031 
ISN 0036 
ISN 0037 
ISN 0030 
ISN 0039 
ISN 00*1 
ISN 0o*3 
ISN 0064 
ISN 0065 
ISN 0046 
ISN 0047 
ISN 0049 
ISN 0051 
ISN 0052 
ISN 0053 
ISN 0054 
ISN 0056 
ISN 005 7 
!<N 0050 
ISN 0059 
ISN 00*0 
ISN 0061 
ISN 0062 
ISN 0063 
ISN 00*4 
ISN 00*5 
ISN 0067 
ISN 0068 
ISN 0070 
ISN 0071 
ISN 0073 
ISN 0074 
ISN 0075 
ISN 0076 
ISN 0077 
ISN 0070 
ISN 0079 
ISN 0001 
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IS* 0082 
ISN 008) 
ISN 0004 
IS* 0086 
IS* 0087 
!<«• 0088 
ISN 008? 
151 0040 
IS* 004? 
ISM 0044 
IS* 0095 
ISH 0096 
I SI 0097 
IS* 0098 
IS* 0099 
ISH 0101 
IS* 0103 
IS* 0104 
IS* 0105 
IS* 0106 
IS* 0107 
IS* 0108 
IS* 0109 
IS* 0111 
IS* 0112 
IS* 0114 
IS* 0115 
IS* 0116 
IS* 0118 
IS* 0120 
T:* 0121 
IS* 0122 
IS* 0123 
IS* 0124 
IS* 0125 
IS* 0127 
IS* 0128 
IS* 0129 
ISN 0131 
IS* 0133 
IS* 0134 
IS* 0136 
ISN 0137 
ISN 0138 
ISN 0139 
ISN 0140 
ISN 0141 
ISN 0142 

ISN 0144 
ISN 0145 
ISN 0146 
ISN 0147 
ISN 01*9 
ISN 0150 
ISN 0151 
ISN 0152 
ISN 0153 
ISN 0154 

ISN 0156 
ISN 0158 
ISN 0159 
ISN 0161 
ISN 0162 
ISN 0163 

IS* 0164 
IS* 0165 
ISN 0166 
ISN 0160 
ISN 0169 
IS* 0170 
IS* 0171 
ISN 0172 

33 COkTlNU^ 
C » l t XC IUOCXC.YC.S IDF I . IROT .J ,N1 ,FL»TC.XHC.THC,RROf> i 
IF tNO.GT.OIGO t " 190 

34 CONTINUE 
RC«S0RTtXC««2»VC»«2» 
» T » 0 . 0 
F A C - 1 . 0 
I F ( A 0 S ( X C * Y r i . t F . ! . O F - 6 . a * 0 . » C . C T . l . O E - 6 t F t C « 2 . O 
| F | * e S | X C « V « - | . G T . 1 . 3 F - 6 l F 4 C » 4 . 0 
I F f t O F f c C « 0 . \ 
R I « « C - R R f C 
RO**C*R*OD 
CO TO I 3 6 , 3 7 1 , K A Y 

36 CCNTINUF 
I F t R l . G T . R N A X I G O TO 190 
I F | F l » T C . C T . 0 . 0 . 4 * 0 . » l . l T . 0 . 5 » F t » T C i r , n TO 190 
!R0D»IR"O • 1FAC 
N»»N«»I 
GO TO 38 

I T CONTINUE 
IRCO-IROO • IFAC 
*M«NN*1 
I F t R l . G T . R N A X I G O TO 170 

30 CONTINUE 
I F I R C . l E . O . O I G n TO 90 
00 4 0 I I * I R | , I R 2 
• 2 * *CYl . t imi 
I F t t H . E O . l . A N 0 . I I . F Q . I « 2 I R 2 « S I 0 E n 
I F I R I . L T . R 2 I G 0 TO 50 

4 0 CONTINUE 
HRITE f 6 . 4 5 M X t I Y . I H . N R , N X , IROO.RI .RO 

4 5 F 0 R N A T t » 0 » * « * REGION NCT FOUNT) FOR THIS RDO' /A 
I • I X 1Y I H *R NX IROO Rl RO : • , 2X ,6 1 6 , 1P2F 1 5 . 5 /1 

RETURN 
50 CONTINUE 

I F I R O . I T . R C Y H I U I I I G O TO 120 
0 0 6 0 1 0 M I . I R 2 
R2«RCYl110*11 
I F t t H . E O . L A N D . ! O . E 0 . I R 2 » R 2 » S I 0 E O 
I F I R O . I T . R 2 I G 0 TO 70 

6 0 CONTINUE 
IFIRO.GT.RNAXIGO TO 65 
W R I T E f 6 , 4 5 1 1 X , I Y , I H . N R . N X . I R O O . R I . R O 
RETURN 

65 CONTINUE 
I0*l«2 

70 CONTINUE 
IO»»IO-1 
I F U O N . L T . I I I G O TO 05 

ROD OIVIOEO BY SEVERAL RINGS 
00 00 I P * t l , I O N 
R C C » R C Y l t l P » l l 
C U L l * T S E C t X C , Y C , R R 0 0 , R C C , T H E T 4 . P H I , I F R I 
I F U F R . G T . 0 1 G 0 TO 4 1 0 
C t l l AREAC|RR00,RCC,TMETA,PHI,AREA1 
R M t K » ! P » l - m i * R F » l K M P » l - I R l l M A R E » - « T I » F » r 
AT'AREA 

80 CONTINUE 
85 CONTINUE 

IFtRO.GT.RNAXIGO TO ! 3 0 
PORTION Of « 0 0 ARFA I N LAST RING SPANNEO 

IF tAT .GT .1 .001*ROAREAIGO TO 390 
XCFSS-ROAREA-AT 
l f t X C F S S . t . T . O . O I X C F S S v O . 0 
R F A I f » I O » l - t R l » » R F A t K » I O » l - I R l l » X C E S S P F A C 
GO TO 190 

90 CONTINUE 
CENTRAL RPO SPANS SEVERAL ANNUL I 

AT-0.0 
00 100 II«IR1,I»2 
I F I R 0 . V T . R C Y H 1 1 H U G 0 TO 110 
AX-CAREAff l» 
AT*AT«AX 
R F A t K M l » l - I R l M R F A I » C » I I # l - t R l l » A X » F A r , 

100 CONTINUE 
GO TO 140 
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C PORTION HF ROD »RF« I N L«ST RING SPRNNFO 
K N 0 1 7 3 110 XCESS»RO»RE«-«T 
ISN 0 1 7 * 1 F I X C E S S . I T . - O . 0 0 1 R R O M E R I C O TO 390 
ISN 0176 I F t X C E S S . L T . O . O M C E S S ' 0 . 0 
ISN 01 Tfl R F « I K » l l » l - l » l l - « F a i K * | f * | - | « l l » X C E S S * F A C 
I S * 0 1 7 9 GO TO 190 

r " 0 0 l ! £ S ENTIRELY WITHIN SINGLF RNNULUS 
ISN 0 1 8 0 120 CONTINUE 
I I N 0 1 8 1 S F M K « l l « l - t « l l * f t F M K » t l * l - I P U » « O A f t E t * F a C 
ISN 0 1 8 2 GO TO 190 

C PORTION OF ROO LIES RFVONO ' R N 4 X " . COHPUTF »B?» IN RING M P ? ' 
t*» 0 1 8 3 130 CONTINUE 
ISN 0184 GO TO ( 1 3 5 , 1 * 0 1 . K R V 
ISN 0 1 8 * 135 CONTINUE 
ISN 0 1 8 6 RCC-RNM 
ISN 0 1 8 7 C » I L INTSECCXC.TC.RROO.RCCTHFTR.PMl . lERk 
ISN 0 1 8 8 I F I I E R . G T . O I G O TO 4 1 0 
ISN 0 1 9 0 C * l \ »»E»CIRROO,RCC.THET»,PMl ,»RE»l 
t W 0 1 9 1 GO TO 1*5 
ISN 0192 1*0 *RE««R0»RE» 
ISN 0193 1*5 CONTINUF 
ISN 0 1 9 * R F f t l K » 1 0 » l - 1 R l > * R F « ( K * ! 0 « l - f R l l » < M E * ~ A T > * F a C 
ISN 0 1 9 5 GO TO 190 
ISN 0196 170 CONTINUE 
ISN 0 1 9 7 AREA'P-OAREA 
ISN 0 1 9 8 » T » 0 . 0 
ISN 0 1 9 9 I O » I R 2 
ISN 0 2 0 0 R F M « # ! 0 » l - l R I I * R F M K » I O * l - I R l l M » R E * - « T | » F * r 
ISN 0 2 0 1 190 CONTINUE 
tSN 0 2 0 2 I F U H . I E . 5 I M R I T F I 6 . I 8 5 I N R . N N . X S T R T . Y C 
ISN 0 2 0 * 185 F 0 R N R T I 1 X , ' NR NN XST«T Y C S % 2 X . 2 1 6 , 1 P 2 E 1 5 . 5 1 
ISN 0205 200 CONTINUE 
ISN 0206 I X - I X » 1 
ISN 0 2 0 7 I F I I X . I E . I X N R X I G O TO 20 
ISN 0 2 0 9 210 CONTINUE 
ISN 0 2 1 0 I Y « I Y » 1 
ISN 0211 I F I I T . L E . I Y N A X I G O TO 10 
ISN 0 2 1 3 220 CONTINUF 
IS* ' 0 2 1 * K » l 
tSN 0 2 1 5 N»0 
ISN 0216 1*0 
ISN 0 2 1 7 R O U T I l l « P C r L l l l 

C ZONE \ 
ISN 0 2 1 8 I F I N C V L 1 . L E . 0 I G 0 TO 2 * 0 
ISN 0 2 2 0 00 2 3 0 I M . N C Y U 
ISN 0 2 2 1 K»K*1 
ISN 0222 l * l » l 
ISN 0 2 2 3 R O U T | R I « R C Y t l L » l l 
ISN 0 2 2 * 230 CONTINUE 
ISN 0225 2 * 0 CONTINUE 

C /ONE 2 
ISN 0226 1 F I N C Y L 2 . L E . 0 I G n TO 270 
ISN 0 2 2 8 00 2 6 0 I * I , N C Y L 2 
ISN 0 2 2 9 N«N»1 
ISN 0 2 3 0 t » l » l 
ISN 0 2 3 1 R F » | N | » R F * I N » / C * « E * « L I 
ISN 0232 C * T » n * T H l * » 
ISN 0 2 3 3 F R * C - R F « | N > » V C F | N | 
ISN 0 2 3 * SROf-GRIDF 
ISN 0235 IF I IOTHR.GT .O IGROF-OTHRIN I 
ISN 0 2 3 7 I F ( I O T H R . L E . 0 I O T H R | N I « G R I 0 F 
U N 0 2 3 9 R l - R f Y l H I 
ISN 0 2 * 0 R 2 » « C Y H L » 1 I 
ISN 0 2 * 1 ( F < F R « C . l E . O . O I G O TO 250 
ISN 0 2 * 3 1 F ( | * / N . L E . O I G O TO 2 * 5 
ISN 0 2 * 5 FAAC»FRtC-EXVF|N) 
ISN 02*t> IFJ |OTMP. f .T .O»FR*C-F»»C-GR0F 
ISN 0 2 * 8 R F » ( M | . F « » f 

http://IFINCVL1.LE.0IG0
http://1FINCYL2.LE.0IGn
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245 CONTINUE 
*FUELA«»FU€l. » • * • kC*CME »1 I » 
IK»L 
CNAREA( IK I *C«ARfA( lK I»CAREA( l l *FRAC 
K*K*1 
•QOT|ltl«SO«»T|ll.o-FH»CI««l»»2»F*»C«H2*«2l 

250 CONTINUE 
I F f F R A C . G E . l . O I G O TO 260 
IFJGROF.IE.O.OIGO TO 255 
AG«IOA«AGRIOA»GRDF*CAREA<LI 
IKSW:YT»L 
C4AAEAI IKI«CNAREA(tKt»CAREAtl l *GROF 
K - R * l 
FRAC*AMINl|FRAC»GR0F. I . 0 1 
R C U T | K I » S Q « T ( I I . 0 - F R A C I » R l » * 2 » F R A C * R 2 * * 2 1 

?55 CONTINUE 
E X V * | N I * 1 . 0 - F R A C - 0 * T 
XVFN>EXVF(MI 
I F f F R A C . G E . l . O I G O TO 260 
TXN»XVFN*CAREAILI 
AV0 I0A»AV0I0A*TX* 
IK*2»NCYT» l 
CNA*EAI IKt»CNAREA| tKi»TXN 
K«K>I 
• 0 U T I M » S Q R T | 0 « T « R l * « 2 M l . 0 - C H T » * R 2 » » 2 l 
I F I 0 4 T . L E . O I G O TO 260 
K>K»1 
R0UT|KI*R2 

760 CONTINUE 
C 20NE 3 

ISN 0 2 8 2 270 !F(NCYL3.1E.O»GO TO 2 9 0 
ISN 0 2 8 6 0 0 2 3 0 I - 1 . N C Y L 3 
ISN 0285 K«K»1 
ISN 0 2 8 * 1 * 1 * 1 
ISN 028? 280 R O U T I K I ' R C Y L I L * ! ! 

C 20NE 4 
ISN 02R8 2 9 0 I F f N C Y L 4 . L E . 0 I G O TO 320 
ISN 0 2 9 0 DO 310 I»1 ,NCVL4 
ISN 0291 M*M*l 
ISN 0292 l « L M 
ISN 0 2 9 3 R1»RCVLILI 
ISN 0 2 9 * R 2 « R C Y L ( L * l l 
ISN 0295 RFAfN»»RFA|N | /CAREA( l ) 
ISN 0 2 9 6 F R * C ' R F M N | » V C F ( N I 
ISN 0 2 9 7 C4T«04THJN| 
ISN 0 2 9 8 GROF«GR!Df 
ISN 0 2 9 9 I F ( I O T M R . G T . O I G R 0 5 « 0 T H « | N I 
ISN 0 3 0 1 I M ! 0 T M R . L E . 0 1 1 T H l M « O * G R ! 0 F 
ISN 0 3 0 3 I F I F R A C . L E . O . O I G O TO 300 
ISN 0 3 0 5 I F I I 4 Z N . L E . 0 t G 0 TO 295 
ISN 0 3 0 7 F«AC*FRAC-EXVF(M| 
ISN 0 3 0 8 IFI IOTHR.GT.OIFRAC'FRAC-GROF 
ISN 0 3 1 0 RFAf«l *FRAC 
ISN 0 3 1 ! 295 CONTINUE 
ISN 0312 AFUEL6*AFUEL8»FRAC*CAREA|LI 
ISN 0 3 1 3 m-3»NCTT»L 
ISN 0316 CHAREA(|K»*CMAREAIIK)»CAREAtLI*FRAC 
ISN 0 3 1 5 K>K*1 
ISN 0 3 1 6 R0UT|M«S<JRTC<1.0 -FRACI««1»*2»FRAC*R2«*2> 
ISN 0 3 1 7 300 CONTINUE 
ISN 0 3 1 8 I F I F R A C . G E . l . O I G O TO 310 
ISN 0 3 2 0 I M G R O F . L E . O . O K . O TO 305 
ISN 0322 AGRl08»AGRtOe»G»OF«C»REA(LI 
ISN 0 3 2 3 I M 4 « N C Y T # L 
ISN 0 3 2 4 CMAREA(lKi»CMAREA<IKi«CAREA<ll«GROF 
ISN 0 3 2 5 FRAC-AHINl«FRAC»GROF f 1.0» 
ISN 0326 K>K«1 
ISN 0 3 2 7 R 0 U T f K I - S Q f t T ( U . 0 - F R A C ) « R l * « 2 » F R A C « f t ? « * 2 l 

ISN 0249 
ISN 0250 
ISN 0251 
ISN 0252 
ISN 0253 
ISN 0254 
ISN 0255 
ISN 0256 
ISN 0258 
ISN 0260 
IS"* 0261 
ISN 0262 
ISN 0263 
ISN 0264 
ISN 0265 
ISN 0266 
ISN 0267 
ISN 0268 
ISN 0269 
ISN 0271 
ISN 0272 
ISN 0273 
ISN 0274 
ISN 0275 
ISN 0276 
ISN 02T7 
ISN 0279 
ISN 0280 
ISN 0281 

http://IFfNCYL4.LE.0IGO
http://IFII4ZN.LE.0tG0


126 

I SI 03J8 
ISN 032* 
ISN OHO 
IS* 0331 
IS* 0333 
IS* 0334 
ISN 0335 
IS* 033* 
ISN 0337 
ISN 0338 
ISN 0339 
I S * 03*1 
ISN 03*7 
ISN 03*3 

ISN 0 3 * * 
ISN 03*6 
ISN 03*7 
ISN 03*8 
t«N 03*9 
ISN C350 
tSN 0351 
ISN 035? 
ISN 0353 
ISN 035* 
ISN 0355 
ISN 0356 
ISN 0357 
ISN 0358 
IS'.' 0359 

ISN 0360 
ISN 0361 
ISN 0362 
ISN 0363 
ISN 036* 
ISN 0365 
TSN 0366 
ISN 036 7 

ISN 0368 
ISN 0370 
ISN 0371 
ISN 037? 
ISN 0373 
ISN 037* 
tSN 0375 
ISN 0376 

ISN 0377 
ISN 0378 
tSN 0379 

ISN 0380 
ISN 0381 

305 CQHTtHUC 
FX¥MNI»1.0-FRAr-"*T 
XVFN>EXVFf*l 
IFfFRAC.GE.l.OlGO TO 310 
TKM-XVFM*CAREA(ll 
AVCI08* AVOIW »TX N 
IK»5»NCT7 »l 
C"ARFA{IKI»t*A*FMlK>*Txn 
K«R*t 
»ouTiKi«s!mna*T»m«*z»u.o-n*Ti««?**2i 
IFIO*T.lf .0.0100 TO 310 
K » « » | 
•00T|K|««2 

310 CONTINUF 
ZONE 5 

320 IF INCYl5 . tF .0 IG0 T1 ?*o 
00 330 l«l,NCVL5 
K>K*1 
L « l » l 
*OUT<KI>ftCVl(L»ll 

330 CONTINUE 
3*0 CONTINUE 

00 3*5 | * | , 6 
00 3*5 l»2,N£YT 
IK«II -1I*NCVT»L 
l l » I K - l 

3*5 C*APFAIIKl*C»APfAllKI»C»AREAi I I I 
lF««l»nUT»K 
*RlTFe6.350l 

350 F0RNATtlHl ,75X, 'AREA'/ |OX, ' INPUT',7X, '»OD PUCT»,5X,'COOLANT',7X. 
1 •OUTPUT',8X,'ROD'.8X.'BETWEEN',7X, " ITHER'/ lOX, 'RAOM•,7X, 
2 •FRACT!nN',5X, 'FRA.CTION'.6X."»Anil ' ,TX. 'F»ArTION',3X, 
3 "INPUT Rf t0 l t ' , *X , 'F f tACT10N' ,3X , * *TH F»»CMON'/» 

CALL H 0 T 8 ( * . 5 , 8 . 9 . I I , 1 2 , 6 . 7 , 6 , 0 , 0 1 
WRITFI6 .35U 

351 FORNATf'OCUNULATIVE AREAS-ROO.OTHEReCOOL ANT-FOP ZONES > C * ' / / I 
CALL ¥OTICNAREA.« .NrYT, l , ' lNT . ' ,«<mN' .OI 
HRITF16,3601IROO 

360 FOUWATCONJO. POOS OR PARTIAL RODS INCLUDED* , »8I 
MR.1TE(6,365lAFUFlA,«GRI0A,AV0tDA,AFUEL8.AGP!na,AvniO8 

365 FORMAT!'OSVSTEN SUNMARV'//' ZONE ? RID.OTMER ANO COOLANT AREAS', 
1 2 X , I P 3 E 1 5 . S / / ' ZONE * POO,OTHER ANO COOLANT AREAS'.2X, IP3E 1 5 . 5 / / I 

IFINCOPY.LS.OIGO Tn 380 
00 370 I«1,NC0PV 
CALL FFPUNfROUT.K.U 

3T0 CONTINUE 
380 CONTINUE 

RETURN 
390 M M T F ( 6 , * 0 0 m , l Y , l H , N R . N X . l P . 0 D , I I , I O 
*00 FORNATI'OROO AREA TOTALS NO'F THAN TRUF AREA'// 

I I I X , M X IY IH NR NX IR.00 I I I 0« ,8 I6»» 
RETURN 

410 W«(TE(6 , *?0>tX. IV . lH,NR,NX, IR00,11 ,10 
420 FORHATI'OROO INTERSECTS NO RINGS' / / 

1 U X , ' I X IV IH NR NX IROO I I I 0 ' . 8 I 6 M 
RETURN 
ENO 
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I f V F l 21.8 C JUN 7* I OS/360 F.MTHAN H 

CCWIIF» C»TIONS - N*vf« W«lN.OPT»O2,t.(NFCNT*6OiSI2F*OO0O«. 
S0U"»CE.FBC0!C.MCllST.>«O0ECK,l0»O.NA».NOEDIT.I0.Nr»':itFF 

TSN 0002 SUBROUTINE XCIUDIXC.YC.SIDS.HOT.RFY.NP,**. XHC.VHc.nnp: 
ISN 0003 SG3-S0KTI3.OI 
IVl OOO* NC»0 
ISN ooos GC TC 110,20.501.KEY 
ISN 000* 10 CONTINUE 
ISN 0007 Y10W«YC-SI0€ 
ISN OOOB VlOH>M*Xl IYIOM.0.0 1 
ISN 000* lFII»0T.Fa.0|VlOt(»YC-0.5»SQ3*Sl0F 
ISN oon IFIY10W.GT.»N|N0*1 
ISN 0013 RETURN 
ISN 001* 20 CONTINUE 
ISN 0015 IFIIROT.GT.OIGO TO 30 
ISN 0017 Y1«YC-0.5*S03»SI0E 
ISN 0018 xi»xc-o.5»sir>F 
ISN 0PI9 Xl«*NAXIfXl.O.OI 
ISN 00?" Y?*YC 
ISN 002' X2-XC-SI0E 
TSN 0022 GC TO *0 
ISN 0023 30 Yl»VC-0.5«SlOE 
ISN 002* V1>AN1XIIY1.0.0I 
ISN 0025 Xl«XC-0.5«S03«SIOE 
ISN 0026 V*YC-S!DE 
ISN 0027 X2-XC 
ISN 0028 *0 RI«SQRT|X1«»2»YI*«2I 
ISN 0029 R2*S0»T(X2»*2»V2»«2) 
ISN 0030 R«**NtNlt*l,R2l 
ISN 0031 IFIIU.GT.RN1N0*! 
ISN 0033 RETURN 
ISN 0034 50 1FIIR0T.EQ.01SFTURN 
ISN 0036 R»»»BS<XC-XHCI 
ISN 0037 :F««»»«OO.GT.0.5«S03«S10E»NOX1 
ISN 0039 RETURN 
ISN 00*0 ENO 



Appendix D 

GROUP STRUCTURE, QUADRATURE, AND FISSION SPECTRUM 



2 0 - 1 0 ( 2 1 * 1 I 0 - l l 0 2 « * 6 1 0 - 1 2 4 * 4 * * 0 . 1 I 0 - 1 4 1 » 4 - * 2 0 - j l » I O * ( - 0 ( 1 ( 2 
t o - 1 0 4 2 1 * 1 1 0 - 1 1 2 2 1 * * ( M U l l ' t *•• I O - * * 2 * * * 6 2 0 - . 4 0 1 4 - 2 ( 0 - 1 9 1 K *4 4 1 4 1 
2 O - i 0 4 t « - l l O - J l O t t ' 4 ( 0 - l * 0 1 « - * * 4 I 1 0 - 1 * 2 4 * * * 2 0 - 1 * 0 1 4 - 2 - ( C - 1 4 I I I - 4 ( 1 1 1 
I C - i « i f j ie->ocn*4 ( 0 - l ( 1 2 ( " l 1 M 1 0 - j * ' * * ' * 2 0 - 1 2 * 4 1 * 1 - 0 11 U 
1 0 - 1 0 ( 2 * * 1 I C - 1 I I 0 C I t 0 - 1 2 4 4 f 6 4 4 1 I 0 - J 4 4 4 4 - * 10 -11 *41 *2 ( 0 - 1 * 1 ( 1 - 4 1 1 11 
2 0 - 1 C 1 2 * * ! I C - ' l l O C I - 1 0 - 1 2 4 * 1 - 6 ( 4 1 1 0 - 1 * 4 * * * * 2 0 - 1 1 * 4 1 * 2 - ( 0 - 1 * 1 1 1 * 4 0 1 0 2 
20-1C424-1 io - ioo i . -4 - 1 0 - U 1 2 . - 1 4 4 1 1 0 - * * 4 4 4 - 4 2 0 - 1 1 1 1 2 * 1 - 0 *« 4 * 
I O - i « ! 1 - l 10-1204*'*- i 0 - l « 0 1 * - 4 1 4 1 1 0 - 1 * ( 4 * * * 2 0 - l O * » » - l ( 0 - 1 1 2 ( 1 * 1 •< ** 2 0 - 1 0 4 : 4 * 1 10-11221'•- > 0 - i U l » ' « 2 4 1 1 0 - » t > ( * 4 * * 2 0 - » 0 * » » * I - ( 0 - 1 2 2 ( 1 * 1 I V 1 * 
Z 0 - i C » 2 ( * l IO- l l024 '4- ( C - 1 2 4 « C 4 1 4 1 I C - 1 4 ( 4 * * 4 2 0 - . l ( l * * 2 - 0 ** 4 4 
t o - i o t t « - i 10-1*01*** - 0 0 4 1 1 0 - 1 4 4 * 4 * 4 2 0 - . 4 4 W 1 ( 0 - 1 1 2 ( 2 * 1 (* (* 1 0 - 1 ( 1 1 2 * 2 10-1**«( - * I C - H I W - I 4 1 1 1 0 - 1 . 4 * * * * 2 0 - 1 4 * 1 1 * 1 - ( 0 - 1 1 2 ( 2 * 1 4 4 4 * 
1 0 - 1 * 1 1 2 * 2 i o - i ' * i c « 1 0 - 1 ( 1 * 4 - 4 • I I 1 0 - 1 * 4 * * * * 2 0 - j * 1 2 » * 2 - 0 1 * 1 * 
1 0 - 1 * 1 1 2 * 2 io - ioo* * - * ( 0 - l t » ( » " » 1 1 1 . 0 - ) W 6 6 ' 6 2 0 - * 4 i l ( * l ( 0 - 1 1 2 ( 2 * I 2 4 2 * 
i o -» *n2*2 14-1*2 »2*4 1 0 - 1 1 0 4 4 - 1 4 1 1 1 0 - 1 ( 1 * * * * 2 0 - 1 4 K C I - ( C - 1 1 2 ( 1 * 1 1 * 1 * 
ie-utii-i io- i»( .«** i 1 0 - 1 1 4 4 1 " * ( 1 1 1 0 - 1 1 1 4 * * * 2 0 - 1 * 0 4 1 * 2 - 0 0 * 0 * 
i * - i * u 2 * 2 10 - * * *» *" l - i 3 - 1 1 4 4 1 - 4 4 ( 1 1 0 - 1 0 * 4 4 - 4 2 0 - 1 1 ( 2 1 * 1 U - l l l U ' 1 4 ( 4 4 
tc-uufi 1 0 - 1 * 1 * 2 * 4 - 4 0 - 1 1 0 4 4 -t 1 ( 1 i O - l O * * * ' * 2 0 - 1 1 ( 2 1 * 1 - ( 0 - 1 2 2 ( 1 * 1 • ( • 4 
to-iuu-t ie-ioo»«*»- i O - i i * ! * ' * 2 1 1 1 0 - > 0 * * k * k 20-»»O2C-2- 0 1 ( 1 ( 
1 0 - 1 * 1 1 2 * 2 I O - l 2 * l ( * * - 1 0 - 1 ( 1 « 4 - « 1 ( 1 I 0 - 1 / 4 * * ' * 2 0 - i M l O ' l ( 0 - 1 1 2 ( 1 * 1 4 ( 4 4 
1 0 - M 1 1 2 * 2 I 0 - 1 * * * ( * * - t O - 1 4 1 * ! ' * O i l I O - i l » * * * » 2 0 - 1 0 * 1 0 * 1 - ( 0 - 1 1 2 1 1 * 1 (( 4 4 
10-iUtl-I 1 0 - 1 1 1 ( 1 * 4 - 0 4 2 1 1 0 - H • * • ' * 2 0 - 1 1 0 4 * * ! - 0 4 4 44 
I C - l * ( ( i * 4 10 . -110(4-4 2 0 - 1 4 * 2 4 * 2 • 2 1 1 0 - 1 1 * * * * * 1 0 - 1 ( 1 * 1 * * * 0 - * 4 0 U " * (( 1 1 
I 0 - M ( ( ( * 4 I 0 - J I * 4 1 * V 1 0 - 1 2 » » 4 * » 1 2 1 1 0 - 1 1 4 4 * * * ( 0 - 1 4 1 * 1 • • - 4 0 - 1 4 0 1 * * * 2 4 ( 0 - 1 0 0 0 0 - 1 n 
1 0 - 4 * 1 ( 1 *4 10 -10411 -> 2 0 - 1 4 0 ( 1 * 2 4 2 1 I 0 - J I 4 4 * - * 2 0 - i O * ( ( * l - 0 l ( 0 1 0 - 40000*1 14 
1 0 - 1 * 1 ( 1 - 4 IC 1 1 M 4 ' ! . e - i t « i * - » ( 2 1 1 C - H 4 4 4 - 4 10-112 41*1 40-140(4 "4 0 ( 0 1 0 - 4 0 0 4 1 - 4 04 
1 0 - 1 4 ( 1 1 ' 4 1 0 - K M l - l - ( C - l i « l * - t 4 2 1 • 0 - 1 ( 4 4 * - * 1 0 - 1 1 1 4 1 * 1 - 4 0 - * * 0 ( » * 4 * 4 0 I - M I 4 C 1 0 0 1 0 ( 1 1 - 1 4 4 
1 0 - 1 4 ( 1 1 - 4 1 0 - 4 0 4 1 1 * 4 - 2 0 - 1 4 0 ( 1 * 2 ( 2 1 I 0 - > 1 4 4 * * * 2 0 - 1 C H 1 - I - 0 • 4 * 0 - l * ( 1 0 - l 0 0 10241-2 • 4 
I C - M ( ( ( - 4 1 0 - 1 1 4 * 1 * * - i t - 1 2 * * 4 * 4 . 2 1 1 0 - 1 ( 4 * * * * . 0 - > 4 » 4 ( - 4 » 0 - 1 4 0 ( 4 * 4 2 4 * 0 - - ( ( t 4 * ( • 0 W ( * 0 * ( 1 * 
1 0 - l * ( ( ( - 4 I 0 - 1 1 0 ( ( - * - 2 0 - " * * 2 » * 2 1 2 1 1 0 - 1 ( 4 6 * * 4 ( 0 - l * * 4 C 4 - * C - 1 * 0 ( 4 * 4 * 4 1 0 - U I 4 0 * 1 1 0 1 M 4 0 - I ** I 0 ~ l * ( ( ( * 4 1 0 - 1 1 2 1 0 * * - C 0 2 1 1 0 - 1 ( 4 * * ( 0 - 1 * 2 * * * * - 0 ( 4 * 0 - l * l 3 4 - ( 1 0 40042*2 ( • 
l O - J O * * ! * * 1 0 - 1 2 * * 1 " * 2 O - J 0 4 M - 2 4 1 1 1 0 - > 1 4 * * * 4 ( 0 - ' ( 4 t O * ( 4 0 - 4 4 0 ( 4 * 4 4 4 1 0 - M 4 4 0 - I 1 0 M * ( l * 4 4 4 
IC -10441 "4 l t - » « l ' l 1 0 - 1 2 4 * 4 - 4 • I I I 0 - > 1 4 * * * » 1 0 - 1 ( * 2 0 " ( - * 0 - 1 * 0 ( * * * ( 4 1 0 - M < 4 2 ' ( 2 0 1 0 ( 1 0 - 1 ( 4 
1 C - 1 0 4 4 C 4 1 0 - » * * 4 * l 2 0 - 1 4 * 0 * * 1 i l l 1 0 - 1 1 4 * * * * i O - l H t l ' l - 0 2 4 4 0 - 1 * 4 1 0 - 1 2 0 M 4 4 I - 2 I * 
10-10441*4 1 0 - M M 4 - 1 - 2 0 - 1 4 * 0 * ' l 4 | l 1 0 - 1 * 4 4 * * 4 1 0 - > 4 ( ( 4 - 2 4 C - 1 4 0 S * - I 1 4 4 0 - 1 2 ( 1 1 - 1 2 0 10O4C4 14 
1 C - 1 0 4 4 1 * * I 0 - * 0 4 l f 4 - ( 0 - 1 2 4 * 4 * 4 ( 1 1 1 0 - 1 4 4 * 4 * * t t - l * t ( » - 2 - 4 0 - 1 4 0 ( 4 - 1 0 4 •»-****»•» 2 0 M i l * * * 0 4 
IC-10441 - * io - i24»i*»- 2 0 - 1 0 4 * 4 - 2 4 1 1 1 0 - 1 * * * * * 4 ( 0 - 1 2 * 1 4 * 4 - 0 » 1 •O-loXOC* t o 1 * 4 ( 2 - 1 * i 
1 0 - 1 0 4 * 1 " » l C - M l t l - l - 0 ( I I 0 0 l O O O C - l 4 0 - , 2 ( * - - 4 *e-joooo-i • 1 4 0 - 1 4 1 4 4 - 4 ( 0 4 0 O 4 - 1 (( ! O - 1 4 0 ( t * * I 0 - 1 O 4 1 I " 4 2 0 - 1 1 * 2 4 * 2 2 1 1 0 0 i O O C l i - 1 4 0 - 1 2 1 » 2 * » - 4C-1OOO0-I 1 1 ( • - K 4 H - I t o * » * ( * - 2 1 ( 
l o - n o n * * I C - M f t Y - l 2 0 - 1 4 4 * 2 - 1 I I I oo »ococ-i ( 0 - 1 2 4 1 4 * 1 - 0 *( ( • - J 0 2 0 0 - I ( 0 W i r t • 4 
10-1*04*** i o - « t t « - i - 2 9 - 144*2 " i O i l 1 0 - 1 1 M 4 - I - 1 0 - 1 1 * 1 1 ' * 1 0 - « » « * * l ( 1 ( O - I t 114*2 t o m u - i ( 1 
IO-1404'*« 1 0 - 1 0 4 1 1 * 4 - 2 0 - 1 1 4 2 4 * 2 4 C 1 1 0 - 1 1 4 * 4 - 1 - IC. -1-KK*** 2 0 - 1 1 2 * 2 * 1 4 1 ( 0 - 1 4 0 ( 2 - 4 t o - M 0 C 4 4 ( 
tc- i««44-* 1 0 - 1 1 * 1 0 * 4 - 0 • C I 1 0 - 1 1 t 4 4 - | - 1 0 - 1 1 * * 1 *» 1 0 - 1 0 I 2 » * I I t 4 O - * 0 l ( * l ( 0 40201*1 11 
i e - m » i - * I C - 1 4 * 4 2 * 2 10-14112 "2 1 C I 1 0 - i l t » 4 - I - I * - 1 K 4 ( C * 10-111 ( I " * 2 1 4 0 - ) M 2 4 * ( 4 0 - 0 ( 0 4 * 1 2( 
1 0 - 1 U 4 1 * * 1 0 - 1 4 * 4 2 * 2 - ( 0 - 1 4 1 1 1 * 2 4 0 1 i o - m » 4 * i - I O - l l » » 4 * I 2 0 - 1 ( 2 2 4 - 1 I t 4 0 - 1 0 * 1 4 - 1 4 0 10104-1 l ( 
10 -11141 '4 I 0 - J I 4 / 4 - I - e t i l 1 0 - 1 / . M 4 - I - 10 1 1 « » 4 * 1 - 2 0 - 1 ( 2 2 1 - 1 0 ( 4 0 - 1 * 4 * 1 * ( 4 0 10*14*2 M 
I O - K O O C * 1 0 - 1 1 1 4 0 - 2 ( 0 - K » 2 ( - . 4 C I I & - 3 1 4 4 4 - 1 - I C - 1 0 » ( 1 * 4 - ( 0 - l l l ( « * » * 2 4 0 - 1 1 O H " * 4 0 *o ( * i - ( 41 
1 0 - 1 ( 0 0 1 ' 4 1 0 - 1 1 1 4 0 * 2 - 1 0 - 1 0 ( 2 4 - 2 ( 0 1 I C - . l f * 4 * l - i e - « i 4 * i * » - 2 0 - 1 C I 2 4 - I • 2 ( 0 - 1 * 1 0 2 * 1 4 C « * * 0 - 4 • I 
1 C - M 0 0 ' - * i r - . * i 2 i * i - D 2 C 1 1 0 - . 1 4 * 4 * 1 - 1 0 - 1 * 0 ( 4 - * - n - t i ' w - i 11 ( 0 - l « ( 4 1 * l 4 0 -M*2* ( U 
1 0 - 1 0 * * 4 * * 1 0 - 1 4 ( 4 * " I 1 0 - I ( l l 2 * e I C I 1 0 - 1 1 4 4 4 * 1 - 1 0 - 1 1 * 1 1 * * - 2 C - » * » * 4 - l « 2 ( 0 - K 1 2 I - * 4 0 »!%*•* V 
t C - J * * * l * * I C - - » ( 4 * - l - ( 0 - > ( i l 2 - 2 0 0 1 I 0 - J 1 > 4 4 - | - 1 0 - 1 * * * * * 4 - O ( 2 U - M - I ' l ( 0 4 M 2 2 - I ( 2 
1 C - J * * » 4 - * 1 0 - 1 0 1 1 * * 2 - C ** 10- l - l 4 ( fc -4 - I C - 1 « 0 4 « * » 20-12444-2 4 2 1 0 - ! * ( ( ( - * ( 0 lOOOCI < 1 0 - l M * * * * 1 0 - 1 1 M 4*1 (ft-io*i©"* • 4 I D - . 0 4 1 1 - 4 - • 0 - 1 I 4 C 1 - * ( C - 2 I 0 ( ( - * < 2 1 0 - 4 * 1 2 4 * * ( 0 * a 2 i « - i 1 1 
I C - 1 2 1 * * - * I 0 - 1 1 M 4 * ! - i o - io t io -2 . 4 l O - * 0 4 i l - 4 - 10-10411*4 l t - l * * 4 1 - 2 11 2 0 - 1 ( 2 ( 1 - 1 ( 0 M l ( 2 - 2 2 2 
i c - i . i i « - * 10-1*2 4 4 * 2 - 0 4 4 1 0 - . 0411"4 - I O - i l ( * 4 * l ( 0 - 1 1 1 ( 1 - 4 1 2 2 0 M * 1 4 - | ( 0 402(1*2 1 2 
10-11441*4 1 0 - 1 * 0 1 4 * 1 1 0 - 1 0 2 * 1 " t ( 4 I 0 - » 0 4 ( ( * 4 - 1 0 - 1 1 * * 4 * 1 - 1 0 - 1 1 1 W * 0 2 2 0 - K ( 1**1 ' 0 M l i t ' l 0 2 
I C - l t 4 i l * * 1 0 - 1 4 0 1 4 * 1 - l O - i W * i * I 4 4 10- J 0 4 H " 4 - I O - * k * t i * 4 - I C - " * 4 4 1 * 2 4 1 2 0 - M S * 4 - 2 (• 10410-4 4 1 
1 0 - 1 1 * 4 1 - * I C - M O I I ' 2 - r. 1 4 i e - l l 4 ( ( * 4 - I O - 1 I 4 1 1 " * - ( 0 - 1 I O ( ( * 4 • 1 2 0 - l * * 2 l " « ( 0 40*14 -4 • I 
I O - I K I * - * I C - K 1 2 2 * ! i t - l ( 1 0 4 * i 2 4 I C - W 4 1 1 - 4 - I C - 1 * 0 * » * * - 20 -12444*2 l l 2 C - « ( | 4 * ( ( C 101*0 -4 1 1 
l e - i u e i t l C - 1 4 1 . 2 - 1 - . 0 - 1 ( 1 0 4 * 1 1 4 1 0 - 1 0 4 1 C 4 - 1 0 - 1 0 2 1 0 * 4 - 0 4 1 2 « - » 4 * 2 4 * 4 ( 0 10124-1 4 1 
i c - i i d . - * I C - 1 1 2 4 4 ' I - 0 0 6 1 C - . ! 4 * 1 " 4 - 1 0 - 1 1 4 * 1 * * 20-111C1-2 ( 1 2 0 - l * 0 ( 4 - ( ( 0 4O410-4 ( 1 
I C - > 4 C M * 4 I C - 1 1 I K - I I C - 1 1 ( 4 2 * 1 4 4 1 C - . 1 4 4 1 * 4 - 10 -10411*4 1C-1IC((-* 4 1 tll-Ullf* 4 0 1 0 0 0 . - 1 4 1 
i e - i M i i t I C - l l l l C - 1 - l C - i l > 4 2 " l 4 4 l t - l l » 6 1 * 4 - 1 0 - 1 1 * 4 4 - 1 2C-1CI.4-I ( 1 2 0 - 4 4 * <**1 4 0 • 0 1 ( 1 * 1 t l 
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Appendix E 

TWO-DIMENSIONAL GEOMETRY MODELS, SPACE MESH, AND 
CONVERGENCE PARAMETERS 
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Convergence and Other Parameters Used in DOT-IV 
Two-Dimensional Calculations 

Parameter* Description Value 

ISCTM 
IGM 
MM 
MODE 

IACC 
KALF 
IBFSCL 

INTSCL 

ITMSCL 

EPS 
EPP 
EPV 
CONACC 
CONSCL 
WSOLOI 
WSOLII 
WSOLCN 

Maximum scattering by zone 3 
Number of energy groups 51; 7 
Number of directions in quadrature 150 
Method used reduce unknowns in angular 3 (weighted) 
flux calculation 
Type of rebalance 
ReLalance method 
Number flux iterations before space 
scaling 
Number of flux Iterations between 
space sellings 
Maximum number of scale factor 
iterations 
Eigenvalue convergence criterion 
Pointwise flux convergence criterion 
Volumetric flux convergence criterion 
Rebalance acceptance criterion 
Spatial rebalance convergence criterion 0.0001 
Rebalance source iteration coafficient 1.0 
Rebalance flux iteration coefficient 1.0 
Rebalance constant 0.0 

2 (space dependent) 
0 (J) 
2 

1 

6C ) 

0. .0001 

0. ,001 
0, ,0001 
0. ,001 

*A11 variables as they appear in DOT-IV Output. 
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SPATIAL FINE MESH 

» » O I » l »N0 11161 SOUN*l««tF>. fO« CO«IFICU*'**ION t l . t • * . * , I *> . »»*' l l f t l SOU** ) * * ! ' * , **>• -.*<•*-1GI"» 4 T I O * I ' . S 

I «C»» 

I 0 
7 7 . 0 I 6 C 6 00 
3 6 . 0 3 2 0 6 00 
6 9 . 0 4 8 0 6 00 
5 1.2064E 01 
6 1 .50606 01 
7 1 .80946 01 
8 2 . 1 M 2 E 0 1 
9 2 .4128E 01 

10 2 . 7 1 * 4 ' 01 
11 3.0160* 01 
12 3 .03206 01 
13 3 . 0 * 8 0 6 01 
16 3 .47506 01 
15 3.80206 01 
16 6.1T90E 01 
I T 4 . 5 1 6 0 6 01 
16 6 .53306 01 
19 5 .3100E 01 
20 5 . 6 6 7 0 6 01 
21 4 . 0 6 6 0 E 01 
22 6 . 0 8 0 0 6 0 1 
23 6 .0960E 0 1 
26 6 .3266E 01 
25 6 .5532F 01 
?S 6 . T I 1 K 01 
27 7.0106E 01 
2 1 7.2390E 01 
29 7 .6676F 01 
30 7.6962E 01 
31 7 .9266F 01 
32 8.1536E 01 
33 8 .38206 01 
36 8 .61066 01 
35 8 .83926 0 1 
36 9 . 0 6 7 8 6 01 
37 9 .2946E 01 
33 3 . 5 ' c O e 01 
39 9 . T 5 ,6c 01 
60 9 . 9 C 2 6 01 
61 1 . 0 2 1 1 * 02 
62 1 .0639F 0 2 
63 1.066SE 02 
6*- 1 .0700F 02 
65 1 .073 IE 02 
66 1.0761E 02 
67 1.1012E 07 
48 1 . 1 2 6 1 ' 02 
69 ' . 1 5 1 IE 02 
50 1 . I 7 6 C * 0? 
51 1.2009E 02 
57 l . ' ? 5 8 6 02 
53 1.2508E 02 
56 1 .2757F 02 
55 1 .30066 02 
56 1 .32556 07 
57 1.3505E 02 
58 1.3754E 02 
59 1.4003E 02 
60 1.6752E 07 
61 1.6502E 02 
67 1.47516 0? 
63 1 . 5 0 0 0 ' 07 
66 1 . 5 7 6 9 * 02 
65 1 . 5 * 9 9 ' 0 ' 
66 1 .57*86 02 

SFT | 
» I C " I ^ 

0 
2 .00006- 01 
3.7946E 00 
6.3889E 00 
9.4833F oo 
1.7578F 01 
1.5677E 01 
1.87676 01 
2 . 1 8 6 IE 01 
7 . 4 9 5 6 * 01 
7 . 6 0 5 0 ' 01 
2.8420E 01 
2.47906 01 
2 . 9 I 6 0 F 01 
3 . 1 3 I 5 F 01 
3.3670E 01 
3.5625E 01 
3.7780E A 
3.7940E 01 
3.8100E 01 
3.9626E 01 
6 . 1 1 4 K 01 
4 . 2 6 72F 01 
4 . 4 I 9 6 E 01 
6.5720E 01 
6 .724*6 01 
4 .8748E 01 
5.0292E 01 
5 .1816F 01 
5.3340E 01 
5.3657E 01 
5.3973E 01 
5.4290E 01 
5.6386E 01 
5 . 8 * 8 2 * 01 
6.057SF 01 
6.2674E 01 
6 . 4 ' 7 0 - Oi 
6 .7627F 01 
7.0686E 01 
7 .334 IE 01 
7 .6 I99E 01 
7.9056E 01 
S.1913E 01 
8.4770E 01 

$ ' * I 
J 2 K m » 1C9I 

1 0 0 
2 3.016CE 00 2 .4732T 0 0 
3 6 .0320E 00 3 . 7 0 0 6 * 0 0 
4 9 . 0 * « 0 * 00 5 .71736 0 0 
5 1 . 7 0 * * * 0 1 6 .4013C 0 0 
6 1 . 5 0 6 0 ' 0 1 8 .32696 00. 
7 I . 8 0 9 6 E 0 1 9 . 6 0 1 9 6 0 0 
8 7 . 1 U 2 E 0 1 9 . 9 3 5 3 6 0 0 
9 7 .4128F 0 1 • . 0 3 8 0 6 0 1 

10 2 .7144E 0 1 1.08246 S I 
11 3 .O I40E 01 1 .17696 0 1 
12 3 .0370F 0 1 1 .15546 01 
13 3.06BOE 01 1 .29726 0 1 
16 3 . I I 2 0 E 01 1.41176 0 1 
15 3 .3025E 01 1 .55336 0 1 
14 3 .T627E 01 1 .64806 01 
IT 4 . 2 2 3 0 * 0 1 1 .80456 0 1 
IS 6 .4S32E 0 1 1 .92436 01 
19 5 . 1 6 3 5 F 0 1 2 .05976 0 1 
20 5 .4037F 0 1 2 . 1 8 0 4 6 01 
21 6 .0640E 01 2 .31056 01 
22 6.0SU0E 0 1 2 .43496 0 1 
23 6.O960E 0 1 2 . 6 0 2 3 6 01 
26 6 . 3 2 * 6 ' 0 1 7 .69326 01 
25 6 . 5 3 3 7 E 01 2 .72926 01 
76 6.TS18E 0 1 2 . 7 5 * 5 6 0 1 
27 7 .0106F 0 1 2 .77986 0 1 
28 7 .23506 0 1 2 .80506 0 1 
29 7.6476E 01 2 .86206 01 
30 7 . 6 9 6 7 * 01 7 .67906 0 1 
31 7 . 9 2 * 8 ' 0 1 7 .9160E 01 
32 8 .1534E 0 1 3 .13156 01 
33 6 . 3 6 7 0 ' 01 3 .3670E 0 1 
34 8 .6106F 01 3 .56756 01 
35 6 . 8 ) 9 7 ' 0 1 3 . 7 7 9 0 6 01 
36 9 .0678E 01 3 . 7 9 * 0 6 31 
37 9 .2964E 0 1 3 .81006 01 
j f >.5>90F 0 ! 2.'3624c S I 
39 9 . 7 5 3 6 6 0 1 4 . 1 1 4 8 6 0 1 
40 9 .9877E 0 1 4 .76726 01 
41 1.0211E 02 6 . 4 1 9 4 6 0 1 
42 1.0439E 02 4 . 5 7 2 0 6 0 1 
63 1 .0668E 0? 6 . 7 7 6 6 6 01 
64 1.0700E 0? 6 . 8 7 6 8 6 01 
45 1 . 0 7 3 1 * 07 5 .02926 01 
66 I . 0 7 6 3 E 02 5 .18166 01 
67 1 .10766 02 5 .33606 ?" 
68 1 .12896 02 5 .36576 01 
49 1 .15576 02 5 . 3 9 7 3 6 01 
50 1 .18146 02 5 .42906 0 1 
51 I . 7 0 7 7 E 02 5 .63846 01 
•2 1 .23606 02 5 .86826 0 1 
53 1 .26036 02 6 .05786 01 
56 1.2666E 02 6 . 2 6 7 6 6 01 
55 I . 3 I 2 9 F 02 6 .47706 01 
56 1 .33926 02 6 . 7 6 2 7 6 01 
57 1 .36546 02 7 .04866 01 
58 1.3917E 07 7 . 1 3 * 1 6 01 
59 1.6180E 02 7 .61996 0 1 
60 I . 4 4 4 3 E 02 7 .90566 01 
61 I . 4 7 0 6 E 02 8 .19136 01 
62 1.6969E 07 8 .47706 01 
63 1.5732E O i 
64 1 .5 *946 07 
65 1 .56656 07 
«6 1 .57486 02 
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• M i t t . WO »«!»«. eO'.-<OM!FS FO« COHF tUMt' lOM I I . O »*0|>1 4N0 » I I « l 8nu*0»«IES FO« C«1F I CO* »*I-Vi M.F 

SET I SFT 2 
J 2 tCfl « i d * * tc-u 

1 -6.4316E 01 0 0 
2 -6.2230C 01 2.4232E 0 0 T.4932E-01 
3 - • • « » « 01 3.20O6E 00 1.4904E 00 
4 -3.7698E 01 9.2I73E 00 2.2360E 00 
* -9.9372E 01 4.4013E 0 0 2.9tt3F 00 
4 -9.3006E 01 8.3269E 0 0 1.7244F 30 
7 -9.0800E 01 9.6014E 0 0 4.4T19E 00 
• -9.0483E 01 9.9393E 00 3.21 T3F 00 
9 -9 .0 I67E 01 I.0300C 01 6.1419E 00 

10 -4.9890E 01 I.0026E 0 1 6.6634E 00 
11 -4.7221F 01 I.1269F 01 T.0041E 00 
12 -4.4343E 0 1 1.1994E 01 T.9040E 00 
13 -4.1444E 01 1.29T2E 0 1 7.4299E 00 
1 * -3.4334E 01 1.41 ITS 0 1 8.0834F 00 
19 -3.670T6 01 1.5S33E 0 1 8.8427F 00 
16 - 3 . 4 0 T K 01 1.6600C 01 9.6014E 00 
I T -3 . I490E 01 1.8069E 01 9.4333F 00 
1» -2.0821E 01 1.4243E 01 I.0602F 01 
W -2 .6 I93E ot 2.0S4TE 01 I.1749F 01 
20 -2.3964E 01 2.1*08* 01 1.1994E 01 
21 -2.0939E 01 2.3109C 01 1.274TE 01 
22 -1.03C7E 01 2.4349E 0 1 t .xaoe oi 
23 -1.9676E 01 2.4023E 01 I.4414E 01 
2* -1.3049C 01 2.6912E 0 1 1.48T4F 01 
29 - I . 0 4 2 I C 01 2.7292E 01 1.9294E 01 
26 -7.T422E 00 2.7949F 01 I.9603F 01 
2T -9.1436E 00 2.779K 01 1.9947E 01 
20 -2.9390E 00 2.809OE 01 1.66ME 01 
29 - 6 . 3000E-01 2.8420E 01 1.7412E 01 
30 0 2.8790E 01 I.8149E 01 
31 2.9912E 00 2.9I60E 01 I.88T7F 01 
32 9.99446 00 3.1319E 0 1 1.9409F 01 
33 S.6616E 00 3.34 TOE 01 2.0341E 01 
3 * 1.1329E 01 3.9429E 0 1 2.10T4E 01 
39 1.J996E 01 3.77ME 01 2.1806E 01 
3 * 1.666 IF 01 3.7940E 01 2.2909F 01 
3T 1.933OF 01 3.M0OE 31 2.2837E 01 
30 2.199SE 01 3.9424E 01 2.3307F CI 
39 2.4669C 01 4.1140E 0 1 2.379TE 01 
• 0 ?>'»3J?€ 51 4.267ZE 0 1 2.433*:t SI 
• I 2.9994E 01 4.4196F 01 2.4761E 01 
• 2 3.2**6t 01 4.9720E 01 7.9846E 01 
• 3 3.9334E 01 4.T264E 0 1 2.6432E 01 
44 3.S00IE 01 4.8768E 0 1 2.T292F 01 
• 9 4.0334E 01 9.0292E 0 1 2.767IE 01 
66 4.2660E 01 9 .181* * 01 2.6090E 01 
• 7 4.9001E 01 9.3340E 01 7.8609F 01 
48 9.369TE 01 2.9160E 01 
49 3.3973E 01 3.3470E 01 
90 9.4290E 01 3.8100E 01 
91 9.6306F 01 4.26T2E 01 
97 9.S402E 01 ».7244E 01 
93 6.09TOE 01 ' .1416E 01 
96 6.26T4E 01 9.63MF 01 
99 6.4770E 01 6.0978F. 01 
96 6.T62TE 01 6.4770E 01 
9 * 7.0404E 01 6.T62TE 01 
9» 7.3341F 01 T.0404E 01 
39 T.6199S 01 T.336IE 01 
60 7.9096E 01 7.6199E 01 
61 8.1913E 01 7.9094E 01 
6? S.4T70E 01 8.4770F 01 

SET | SFT 2 
J 2 i r " i » ICm » IC4I 

1 -2.940CE 00 0 0 
2 -4.3900E-01 a.0773E-0I 7.6743F-0I 
3 0 1.6199E 00 1.9S99F 00 
4 2.99T2E 00 2.4237? 00 2.3030F 00 
9 9.9944E 0 0 2.8I I9E OO 3.0717F 00 
6 6.64I4F 0 0 3.2006E 00 3.8397E 00 
T 1.1329E 01 3.8713E 00 4.6076* 00 
* 1.3496E 0 1 4.9420E 00 9.3T93F 00 
9 1.66C3E 0 1 9.2I28E 00 6.I439E 00 
to I.9330F 0 1 9.60TOE 00 6.6434F 00 
11 2.1448E 0 1 6.4013E 00 T.0609F 00 
12 2.446 9E 0 1 7.0432E 00 r.9048F 00 
13 2.T332E 0 1 7.6099E 00 7.9299F 00 
14 2.9999E 0 1 8.3269T- 00 8.0049E 00 
19 3.26**E 0 1 6.9644F 00 8.0*34F 00 
16 3.9334*} 0 1 4.6019E 00 9.6019E 00 
IT 3.800IF 0 1 9.9393E 00 9.9393E 00 
ia 4.0334E 0 1 1.0602E 01 1.0602E 01 
14 4.2668E 0 1 1.1269E 01 1.1249E 01 
20 4.90CIE 0 1 1.1994E 01 1.1994E 01 
21 4.7362E 01 I.2263E 01 I.7747E 01 
22 9.0B79C 0 1 I.2472E 01 I.3980E 01 
23 9.43* 7E 01 1.3949* 31 1.44I4E 01 
24 9.7304E 0 1 1.4117E 01 1.4*74E 01 
29 6.024IF 0 1 I.4723E 01 1.9294E 01 
26 6.409IE 01 1.9320E 01 1.9603F 01 
27 6.186IF 01 1.9447E 01 1.994TF 01 
28 T.I671E 0 1 1.6680E 01 1.6624F 01 
29 7.9401E 01 I.73T3E 01 1.7)016 01 
30 7.9291E 0 1 1.8069E 01 LT977E 01 
31 0.3101E 0 1 1.8494E 01 1.8694E 01 
32 8.641 IF 0 1 1.9243E 01 1.9442F 01 
33 9.0T71F 01 1.9920E 01 2.0230F 01 
34 9.4*3 IF 01 2.0997E 01 2.101*6 01 
39 9.6341F 0 1 2.1201E 01 2.I806E 01 
36 1.02I9E Oi 2.1804E 01 2 7903F 01 
3T 1.0494E ot 2.2496E 01 i.»037F 01 
38 I.0977E 02 2.3109E 01 2.3307E 01 
39 I.1358F 01 2.3T37* »! »,3T47F 01 
40 1.1T39E 02 2.4369E 01 2.4309F 01 
41 1.2120E 02 2.9194E 01 2.4761F 01 
42 2.6023E 01 2.9196E 01 
43 2.6932E 01 2.6932F 01 
44 2.7292E 01 2.7242F 01 
49 2.7671E 01 2.7671E 01 
46 2.809OE 01 2.8090F 01 
47 2.8619E 01 2.8619E 01 
48 2.9I80E 01 2.9iaOF 01 
4 9 3.099OE 01 1.0200F 01 
90 3.20OOE 01 3.2000F 01 
91 3.4T90E 01 3.4790E 01 
92 3.T90OE 01 3.7900E 01 
93 4.0290E 01 4.0290E 01 
94 4.3000E 01 4.3000E 01 
99 4.9790E 01 4.6000F 01 
96 4.8900E 01 4.9000F 01 
97 9.0420E 01 9.2000E 01 
90 9.3340F 01 9.9000F 01 
99 9.3S19E 01 9.80O0F 01 
60 9.4290E 01 6.1000F 01 
61 9.8000E 01 6.4000F 01 
62 6.2900E 01 6.T000E 01 
63 6.7000? 01 7.0000E 0! 
64 7.1900E 01 7.3000E 01 
69 7.6000E 01 T.6000E 01 
66 7.9000E 01 7.9000E 01 
67 8.2000F 01 8.2000F 01 
6a 8.9000F 01 «.$000E 01 
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• »m«i »*r »»i»i «ou«ir>»»rf5 »"• roificu«»Tro,< I I . F »»OI«l MO * « U l ^-)U"«C»»l'S "•« COSFlt;j«»I10<t I I I .« 

5FT 1 Sf 7 / S*» 1 *.FT l 
J I l ' " » • IC"I i IC»» • i r » i I / J 2 IC«I • IC"I 

. — ——- - ._ --- . -
1 • -7 .54CCF 0 0 0 0 0 1 C 0 
7 -- 6 . 3 5 0 0 6 - 01 8 . 0 7 7 3 6 - 0 1 7 . » 7 4 3 F - 01 7 . 0 7 1 1 6 - 0 1 1 3 . 0 1 6 C 6 0 0 7 . 4 7 3 2 6 0 0 
) 0 I . 4 I 4 3 F 0 0 1 . 5 3 5 9 F 0 0 1 . 4 0 4 7 F 00 3 6 . 0 3 7 C * 0 0 3 . 7 0 0 6 F 0 0 
* 7 . « 7 ? F 0 3 7 . 4 2 376 0 0 7 . 3 0 3 8 * 0 9 1 . 1 0 * 3 6 0 0 4 4 . 0 4 * 0 6 0 0 5 . 7 1 7 3 * 0 0 
5 5 . 4 4 4 4 6 0 0 2 . 6 i l « f 0 0 3 . 0 7 1 7F 0 0 7 . 8 0 8 4 F 0 0 « 1 . 2 0 6 4 * 0 1 6 . 4 0 1 3 E 0 0 
6 8 . 6 6 1 6 6 0 0 3 . 7 0 0 * 6 0 0 3 . 8 3 9 7 » 0 0 3 . 5 1 0 5 6 0 0 6 1 . 5 0 8 C 6 01 8 . 3 2 * 4 * 0 0 
7 1 . 1 3 7 4 6 01 3 . 8 7 1 3 6 0 0 4 . 6 0 7 6 F 0 0 4 . 1 4 7 3 F 0 0 7 1 . 8 0 4 * 6 0 1 4 . 6 0 1 4 F 0 0 
a 1 . 3 9 9 6 6 0 1 4 . 3 4 2 0 6 0 0 5 . 3 7 5 5 6 0 0 4 . 7 7 4 1 F OO 8 7 . 1 1 1 2 6 0 1 4 . 4 3 5 3 6 0 0 
4 1 . 6 6 6 3 6 CI 5 . 7 1 2 8 6 0 0 6 . 1 6 3 5 ' 0 0 5 . * 0 * 8 F » 9 7 . 4 1 2 8 6 0 1 1 . 3 1 5 8 6 01 

•0 I . 4 3 3 0 F 0 1 5 . 8 0 7 0 C 0 0 6 . 6 6 3 4 6 0 0 * . 0 3 7 * 6 00 10 2 . 7 1 4 4 6 0 1 1 . 0 3 8 0 6 01 
II 2 . 1 4 4 8 6 0 1 6 . 4 0 1 3E 0 0 7 . 0 8 0 5 f 0 0 * . 5 5 4 0 6 04 I I 3 . 0 1 * 0 6 0 1 1 . 3 * 3 2 6 0 1 
u 7 . 4 6 6 5 6 0 1 7 . 0 4 ) 7 6 0 0 7. 5 0 * * 6 0 0 7 . 0 8 0 5 6 0 0 17 3 . 0 3 2 0 6 0 1 1 . 0 9 0 5 * 0 1 
n 7 . 7 3 3 7 F 0 1 7 . 4 8 5 0 6 OO 7 . 9 2 5 5 E 0 0 7 . 6 6 776 0 0 13 3 . 0 4 ( 0 6 0 1 1 . 2 3 6 7 6 01 
i * 7 . 4 4 5 4 6 0 1 8 . 3 7 6 9 * 0 0 8 . 0 0 4 5 F 0 0 8 . 2 5 5 0 C 0 0 1* 3 . 1 1 2 0 6 0 1 1 . 1 4 4 1 * 0 1 
15 3 . 7 6 6 6 6 0 1 • . 9 * * 4 * 0 0 8 . 0 8 ) 4 6 oo 8 . 8 1 5 1 6 0 0 15 » . 3 0 2 5 6 0 1 1 . 4 4 * 8 6 01 
16 3 . 5 3 3 * F 0 1 4 . 6 0 1 4 6 0 0 9 . 4 0 1 9 6 0 0 4 . 3 7 5 2 * 0 0 16 3 . T 6 7 7 F 0 1 1 . 6 0 7 7 * 01 
17 j . a o o i F 0 1 4 . 4 3 5 3 6 0 0 9 . 9 3 5 3 F 0 0 4 . 4 3 5 3 6 0 0 17 4 . 2 7 3 0 6 0 1 1 . 7 5 2 7 F 0 1 
IS 4 . 0 3 3 4 E 0 1 1 . 0 6 0 2 6 0 1 1 . 0 6 0 2 6 01 1 . 0 * 7 1 6 01 18 4 . 6 8 3 7 6 01 1 . 8 * * 4 6 0 1 
l » 4 . 7 4 * 8 6 0 1 I . I 7 6 9 E 0 1 1 . 1 7 6 9 * 01 1 . 1 0 1 5 * 01 14 5 . 1 4 J S F 0 1 7 . 0 0 7 * 6 01 
20 4 . 5 0 C I 6 0 1 1 . 1 5 5 * 6 0 1 I . I 5 5 4 F 0 1 1 . 1 5 5 4 F i l 70 5 . 6 0 3 7 6 0 1 7 . 1 2 5 0 6 01 
21 i . l l l ^ f 0 1 1 . 7 7 6 3 6 0 1 1 . 7 7 * 7 6 01 1 . 7 I 4 3 F 01 21 6 . 0 6 4 0 6 0 1 2 . 7 5 4 7 6 01 
2 7 5 . 1 7 7 4 6 0 1 1 . 7 9 7 7 E 0 1 1 . 3 » 8 0 6 01 1 . 7 7 4 3 F 01 72 6 . 0 8 0 0 6 0 1 7 . 3 * 3 * 6 01 
73 5 . 3 9 4 4 6 0 1 1 . 5 5 * 5 * 0 1 1 . 4 4 1 4 * 0 1 1 . 3 3 3 7 6 01 73 6 . 0 4 * 0 6 01 2 . 5 4 * 3 6 01 
7* 5 . 6 7 6 0 6 0 1 I . 4 1 1 I f 0 1 1 . 4 8 7 4 6 01 1 . 3 9 3 I F 01 24 6 . 3 7 4 * 6 31 7 . 6 4 7 7 6 01 
7 5 5 . 4 5 7 5 6 Ol 1 . 4 7 2 3 6 01 I . 5 7 9 6 F 0 1 1 . 4 6 1 4 F 01 25 6 . 5 5 3 2 6 0 1 2 . 6 7406 01 
26 6 . 2 7 5 0 6 0 1 1 .5328* . 0 1 1 . 5 6 8 3 6 0 1 1 . 5 2 4 6 6 01 26 6 . T M 8 6 0 1 7 . 7 2 1 9 6 01 
77 6 . 5 0 5 6 F 0 1 1 . 5 4 4 T 6 01 1 . 5 4 4 7 6 0 1 1 . 5 9 4 7 F 0 ! 7 7 / . 0 I C 4 6 0 1 2 . 7 6 ) 0 6 01 
78 6 . 7 * 7 1 6 01 1 . 6 6 8 0 6 0 1 I . 6 6 2 4 F 0 1 1 . 6 * 0 IF 0 1 7 8 7 . 2 3 5 0 6 0 1 7 . 8 0 5 0 6 01 
7 * 7 .O950F 0 1 I . 7 3 7 3 * 01 1 . 7 3 0 1 6 01 1 . 7 7 6 7 F CI 79 7 . 4 * 7 6 6 01 2 . 8 4 7 7 * 01 
10 7. 4 0 796 0 1 1 . 8 0 * 5 6 0 1 1 . 7 9 7 7 6 0 1 1 . 8 1 3 2 6 01 3 0 7 . 6 4 * 2 6 0 1 2 . 8 8 0 3 6 01 
I t 7 . T 7 0 4 6 0 1 1 , 8 6 4 4 6 0 1 1 . 8 6 5 4 6 01 1 . 8 * 5 4 * 01 31 7 . 4 2 4 8 6 0 1 2 . 4 1 * 0 6 01 
J ? t . 0 3 3 8 6 0 1 1 . 9 7 4 3 E 01 1 . 9 4 4 7 6 01 I . 4 4 5 1 F 01 37 8 . 1 5 3 4 6 0 1 3 . 1 ) 3 0 6 01 
3 ) 8 . 3 4 6 7 6 0 1 I . 44206 . 0 1 2 . 0 2 ) 0 6 0 1 2 . 0 2 4 1 6 01 33 8 . 3 8 7 0 6 01 3 . 3 4 8 0 6 01 
3 * 8 . 6 5 4 * 6 0 1 7 . 0 5 4 7 6 01 2 . 1 0 1 8 6 0 1 2 . 1 0 4 6 6 I 1 34 8 . 6 1 C « 6 0 1 3 . 5 6 ) 0 6 01 
)* 8 . 4 7 7 * 6 0 1 2 . 1 7 0 1 6 01 7 . 1 8 0 * 6 01 7 . 1 8 3 6 F CI 35 8 . 8 3 4 2 6 01 3 . 7 7 8 0 6 01 
3» 4 . 2 8 5 5 6 0 1 2 . 1 8 0 * 6 01 2 . 2 5 0 3 E 0 1 2 . 7 0 8 4 6 01 36 4 . 0 6 786 01 3 . 7 4 4 0 6 01 
37 4 . 5 4 8 4 6 0 1 7 . 7 * 5 6 * 01 2 . 2 8 3 7 F 0 1 2 . 2 6 9 * 6 01 37 4 . 2 4 6 4 6 0 1 3 . 8 1 0 0 6 01 
)» 4 . 9 1 1 3 6 0 1 2 . 3 1 0 5 6 01 2 . 3 3 0 7 E 01 2 . 3 3 0 7 6 01 38 4 . 5 2 5 0 6 01 3 . 4 * 2 4 6 01 
34 1 . 0 7 7 * 6 0 2 2 . 3 7 3 7 6 01 2 . 3 7 9 T F 0 1 7 . 3 9 3 1 ' 0 1 3 4 4 . 7 5 3 6 6 01 4 . 1 1 * 8 6 01 
40 1 . 0 5 3 J F 0 7 7 . 4 J 6 4 6 01 2 . 4 3 0 5 F 01 7 .455 '»6 01 4 0 S . 9 4 2 7 S 0 1 4 . 2 6 7 2 6 01 
41 1.OS50E 0 7 2 . 5 1 4 6 * 01 7 . 4 7 6 I F 0 1 7 . S i * 6 F 01 41 1 . 0 2 1 I F 0 2 4 . 4 1 4 * 6 01 
*2 * . 0 0 7 ) 6 01 2 . 5 1 9 * 6 01 7 . 5 * 9 5 6 01 4 7 1 . 0 4 3 9 6 0 2 4 . 5 7 2 0 6 01 
• 3 7 . 6 9 3 2 6 01 7 . 6 9 3 7 6 01 2 . 6 5 4 3 F 01 43 1 . 0 * 6 8 6 0 2 4 . 7 2 4 * 6 01 
4 4 2 . 7 2 4 2 6 01 2 . 7 2 9 7 F 01 7 . 7 7 4 7 F 01 44 t . 0 7 0 0 6 0 ? 4 . 8 7 * 8 6 01 
45 7 . 7 6 7 1 6 01 2 . 7 * 7 1 6 01 2 . 7 * 7 1 6 01 4 5 1 . 0 7 3 1 6 0 2 5 . 0 2 4 2 6 01 
46 2 . 8 0 5 0 6 0 | 2 . 8 0 5 0 6 0 1 2 . M 5 0 F 01 4 6 1 . 0 7 * 3 6 0 7 5 . 1 8 1 * 6 01 
4 7 7 . 8 6 1 5 6 01 2 . 8 * 1 5 * 01 2 . 8 * 1 5 6 01 4 7 1 . 1 0 7 * 6 0 7 5 . 3 3 4 0 6 01 
*6 7 . 9 1 8 0 6 01 2 . 9 I 8 0 F 0 1 7 . 4 1 8 0 6 01 4 8 1 . 1 2 8 4 6 02 5 . 3 * 5 7 6 01 
4 4 3 . 0 5 9 0 C 01 3 . 0 2 0 0 6 01 3.02OOF 01 4 9 1 . 1 5 5 2 6 0 2 5 . 3 4 7 K 0 1 
SO 3 . 7 0 0 0 6 01 3 . 2 0 0 0 6 01 3 . 7 0 0 0 6 01 50 1 . 1 8 1 4 6 0 2 5 . 4 2 4 0 6 01 
5 l 3 . 6 7 5 0 6 01 3 . 6 7 5 0 6 01 3 . 4 7 5 0 6 01 51 1 . 2 0 7 7 6 0 2 5 . 6 ) 8 6 6 01 
57 3 . 7 5 0 0 F 01 3 . 7 5 0 0 F 01 3 . T500F 01 5 ? 1 . 7 3 4 0 6 0 2 5 . 8 4 8 2 6 0 1 
53 4 . 0 2 5 0 6 01 4 . 0 7 5 0 6 01 4 . II250F 01 53 1 . 2 6 0 3 6 07 6 . 0 5 7 8 6 01 
5* 4 . 3 0 0 0 E 01 4 . 3000F 01 4 , 1 0 0 0 * 01 5* t . 2 * ( « 6 0 2 6 . 2 * 7 4 6 01 
55 4 . 5 7 5 0 * 01 4 . 6 0 0 0 6 01 4 . 0 0 0 0 * 01 55 1 . 3 1 2 9 6 02 6 . 4 7 7 0 6 31 
56 4 . 8 5 0 0 6 01 4 . 8 5 0 0 6 01 4 . 8 5 0 0 6 01 5* 1 . 3 3 9 2 6 0 7 6 . 7 6 2 7 6 01 
57 5 . 0 9 7 0 6 PI 5 . 1 ) 4 4 6 01 5 . 1 3 9 5 6 01 57 1 . 3 6 5 4 6 02 T . 0 4 8 4 6 01 
58 5 . 3 3 4 0 6 01 5 . 4 7 9 0 6 01 5 . 4 7 9 0 6 01 «8 1 . 3 9 1 7 6 02 7 . 3 3 4 1 6 01 
59 5 . 3 8 1 5 6 01 5 . 8 0 0 0 6 0 1 5 . 8 0 0 0 * 01 54 1 . 4 1 8 0 6 07 7 . 6 1 9 4 6 0 1 
60 5 . 4 7 9 0 6 01 6 . 1 0 0 0 6 01 6 . I O 0 0 F 01 6 0 1 . 4 4 4 3 6 02 7 . 9 0 4 * 6 01 
61 5 . 8 0 0 0 6 01 6 . 4 0 0 0 F 0 1 6 . « O 0 0 6 01 61 1 . 4 7 0 * 6 07 8 . 1 9 1 ) 6 01 
67 6 . 2 5 0 0 6 01 6 . 7 0 0 0 6 0 1 6.TOO0F 01 6 7 1 . 4 9 * 9 6 0 7 8 . 4 7 7 0 F 01 
61 6 .7O006 01 7.0OOO6 01 7 . 0 0 0 0 6 01 6 3 1 . 5 2 3 7 6 0 2 
6* 7 . 1 5 0 0 6 01 7 . 1 0 0 0 6 01 7 . 3 0 0 0 6 01 64 1 . 5 4 4 4 6 0 7 
65 7 . 6 0 0 0 6 0 1 7 . 6 0 0 0 E 01 7 . 6 0 0 0 6 01 65 1 . 5 6 8 5 6 07 
66 ' . 4 0 0 0 E 01 7 . 9 0 0 0 F 01 7 . 9 0 0 0 6 01 6 * 1 . 5 7 4 8 * 0 2 
67 8 . 7 0 0 0 6 01 §.pooor 01 8 . 7 0 0 0 6 01 
6a 8 . 5 0 0 0 6 0 1 a . 5 0 0 0 * 0 1 8 .WOOF 01 
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«»0!»l 4NP l l l i l 90U*0» I *5 F19 CO>*t&i** TIO ,« 1».4 «401*l »ND »I|4L »OtX0«;ifS «?• CON* IGu«4TION IV.» 

J I i r » i 
V 1 
» tK.ni 

1 0 0 
7 3.016CF oa 7.10 79* 0 0 
» 6.01701 00 1.7006* 0 0 
* 9.0480* CO 4.9157* 9 0 
5 1.7064* 01 6.40I1F 0 0 
6 I.308CE 01 7.701** 0 0 
T I .8096* 01 9.60191 OO 
8 7.1117F 01 9.9153* 00 
4 7.4178F 01 1.O380E 01 

10 7.7144' 01 I.0S74F 01 
11 1.0160* 01 I . I749F 0 1 
17 3.0170( 01 1.155** 01 
11 1.04FXF 01 1.7*71* 0 1 
16 1.1170* 01 1.4117* 0 1 
15 3.1075* 01 1.5170F 0 1 
16 1 . 7677* 01 1 .4680* Oi 
17 4.7730' 01 1.77996 01 
in 4.6837* Si 1.97431 0 1 
19 5.1*15* 01 7.0780* 0 1 
70 5.4037F 01 7.1806* 0 1 
71 6.0640' 01 7.7817* 01 
27 6.0800F 01 2.4169* 0 1 
7 1 6.0960F 01 7.5490* 01 
26 6.1746F 01 7.6917F 01 
25 6.5537F 01 7.7797*. 0 1 
76 6.7818' 01 7.7545* 01 
77 7.01 C4F 01 7.7798* 01 
70 7.71SO' 01 7.8050* 0 1 
79 7. 46 76* 01 7.8477* 0 1 
w 7.6967' 01 2.8801* 01 
11 7.97*8* 01 7.9189* 01 
17 f.1514E 01 s. mot 0 1 
13 8.3870* 01 3.3480* 01 
J * 8.61C6? 01 1.5610* 01 
35 8.83*2* 01 1.7780* 01 
16 9.06 78* 01 1.7940* 0 1 
I T 9.7964F: 01 3.8IOOE 01 
JO 9.5250* 01 3.9624F 0 1 
19 9 . 7536* 01 * . l l * 6 t 0 1 
6 0 9.9827* 01 6.76 77* 01 
61 1.0211* 07 4.4196F 01 
47 1.0*19' 02 4.5770F 01 
4 1 1.0668' 07 4.7744* 01 
44 1.0700* 02 4.8768' 0 1 
4 9 1.0T3IF 02 5.0797* 0 1 
46 1.0761E 02 5.1816E 01 
4T 1.1026' 07 5.3140F 01 
4 8 1.1789' 07 5.J65T* 01 
49 1.1552F. 02 5.3971* 01 
50 1.I8I4F 07 5.4790* 01 
51 1.707TE 02 5.6386* 01 
57 1.7340F 02 5.8487* 01 
5 1 1.7603E 02 6.05T8F 01 
54 I.2866F 02 6.7674* 01 
55 1.3129* 07 6.4770? 01 
56 1.5392* 02 6.7627E 01 
5? 1.1654* 02 7.0*8** 01 
58 1.1917F 07 7.134 If 01 
59 1.4180* 02 7.6199* 01 
60 1.4443F 02 T.9056* 01 
61 1.4706* 02 8.191 IE 01 
6 7 1.4969* 02 8.4770* 01 
63 1.5717' 02 
64 I.5494F 02 
65 1.5685C 02 
6 6 1.574SF. 02 

1 1 «C"I 
5 " 1 
• I t * ! 

S'T } 
« IC«I 

1 - * . » M * F 01 0 0 
7 -6 .77 30' 01 7.1079* 0 0 ' .0717* 31 
3 -«..99*«* 01 3.70O6F oc 1.40*3* 01 
* -5 .7658* 01 4.9157E oc 7.1065' 03 
5 -5 .5377 ' 01 6.401IF 00 7.8087F 00 
/. -«.10861 0 1 7.7Q14* oo 1.M09* 00 
7 -5.0800* 01 9.60I9E 00 * .»1)0« 00 
e -5.048SF 01 9.9151* oo 4.9I57F OO 
9 - " .0167* 0 1 1.0160* 01 4.1435F 00 

10 -4.9850* 0 1 1.0*74* 01 6.66 34F 00 
I I -4.777 IE ot 1.1769* 01 7.0804' 00 
12 -4.4593F 0 1 1.1554* 01 7.5048F 00 
13 -4.1964F 0 1 1.7471* 01 7.9755F 00 
1* -3.9336F 0 1 1.4UT* 01 8.0814F 00 
15 -3.6707F 01 l. '-170* 01 6.8477F 00 
16 -3.4078E 01 1.6680F 01 9.4019F 00 
17 -3 .1450* 01 1.7799* 01 9.9351' 00 
18 - 7 . 8 8 7 1 ' 01 1.9241* 01 1.0607F 01 
19 -7.6153F 0 1 7-0780* 01 I . I769F 01 
70 -7.1564E 01 7-U06F 01 1.1554* 01 
71 -7.0915E 01 7.78I2F 01 I . 7 767* 01 
72 -1.8'CTF 01 7.4)69* 01 1.1980F 01 
73 -1.5678F 0 1 7.5*90* 01 1.4414' 01 
7* -1.3049F <!I 2.6912F 01 1.4874F 01 
75 -1 .047IF 01 7.7797F 01 1.5796* o; 
76 -7.797 7E 00 7.75*5* 01 1.5663F 01 
77 - 5 . I676F 00 7.7798* 01 1.5947F 01 
78 -7.5350E 00 7.8050F 01 1.6680F 01 
79 -6.3000E--01 7.8*77E 01 1.7417* 01 
10 0 2.8803*. 01 1.8145F 01 
31 7.9977F 00 7.9I80F 01 1.8877F 01 
37 5.9944F 00 3.I330E 01 I.9609> 01 
33 8.6616F 00 3.3*80* 01 7.034IF 0 ! 
14 1.1374F 01 1.5630*. 01 7.1074* 01 
35 I.3996F 01 I . '780E 01 7.1806F 01 
16 1.6663' 01 3.79*0* 01 7.7503F 01 
17 1.9330F 01 3.8100v 01 7.7837F 01 
IS 7.1*98* 01 3.967** Oi <.3*0ft 01 
39 7.4665F 01 4.1I4SF 01 7.3797* 01 
40 7.7337F 01 • .7A77* 01 7.4105* 01 
41 7.9999* 01 • .4196F 01 7.4T61F 01 
«7 1.76(6* 01 4.5770F 01 7.5846F 01 
43 1.53 34F 01 *.77«*F 01 7.6932F 01 
44 3-800IE 01 4.S768F 01 7.7797F 01 
45 4.0334' 01 5.0797F ot 2. 76 71f ot 
46 4.7668E 01 5.1816F 01 7.8050* 01 
47 4.5001E 01 5.3340F 01 7.8605F 01 
48 5.^657* 01 7.9160E 01 
49 5.3973F 01 3.34 70F 01 
50 5.*790f 01 1.8IO0F 01 
51 5.6386* 01 4.76>7?f 01 
57 5.8467F 01 4.7744F 01 
53 6.0578' 01 5.1816* 01 
5* 6.767*F 01 5.6386* 01 
55 6.4770F 01 6.0578' 01 
56 6.7677F 01 6.4770F 01 
57 7.0484F 01 6.7677F 01 
58 7.3341F 01 7.04S4F 01 
59 7.6I99F 01 7.3341' 01 
40 7.90566 01 7.6199F 01 
61 8. I9I3F 01 7.9056F 01 
67 8.47T0F 01 8.*770t 01 

http://tK.ni
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SfT 1 
l / j 2 I C » I • i t m 

1 C 0 
2 3 .0 I60E 00 2 .4212E 00 
3 6 .0320E 00 3 .2004C 0 0 
* 9.048CE 00 5 .217JE • 0 
5 1.20«4E 31 6.4013C 0 0 
6 1.5010c 01 8 .3269E 0 0 
7 1.0094F 01 9 .6019E 00 
S 2 .1112E 01 9 .9353E 0 0 
9 2 .412«F 01 I . 0 0 4 4 F 0 1 

10 2 .T144E 01 I .015SE 01 
I I 3 .01*0* ; 01 1.0269E 01 
12 3.O320E 01 1 . 0 5 8 I F 01 
13 3 .04 (OF 01 1 .2097F 01 
1 * 3. 1 > 20C 01 1.3179E 01 
!5 3 . 3 0 2 5 f 01 1.4493C 0 1 
\ 6 3.T627F 01 1.5776E 01 
17 4 .2230E 01 1.7259E 01 
IS 4 .6832E 01 1.8374F 01 
19 5 .1435F 01 I . 9 8 I 4 F 01 
70 5.4037C 01 2 .09T2E 01 
21 6 .0640E 01 2 .2338E 01 
22 ft.ODCOC 0 1 2 .3570E 01 
23 6 .096Of 01 2 . 5 2 I 9 E 01 
2* 6 .3246F 01 2 . 6 I 6 7 E 0 1 
25 6.5532E 01 2 .6583F 01 
26 6 . 7 * I I F 01 2 .7072F 01 
27 7 .0 I04F 01 2 . 756 IF 0 1 
21 7 .2350F 01 2 .8050F 01 
29 7 .4676F 01 2 .8427F 01 
30 7.6962E 01 2 .8803E 01 
31 7 .924»F 01 2 .9180E 01 
32 a .1534F 01 3 .1330F 01 
33 8.3820E 01 3 .3480F 01 
34 8.61C6F 01 3.<:630F 01 
35 a .a392F 01 3.7TSOE 01 
3* 9 .0678F 01 3 .7940F 0 1 
37 9 .2964E 0 1 3 .8100E 01 
31 9 . 5 2 JOE 01 3 .9674F 01 
30 0 7 C , * C u i 4 .1148F 0 1 
40 9^98 2 2F 01 4 . 2 6 72F 01 
41 I .0711E 02 4 . 4 I 9 6 E 01 
4? 1.0439E 02 4 . 5 7 2 0 F 01 
43 1.0668F 02 4 .7244F 01 
44 ' . 0 7 0 0 F 02 4.8T6SE 01 
43 I . 0731E 02 5 .0292E 01 
46 1.0763E 02 5 .1816F 01 
47 I .1026E 02 5 .3340F 01 
*» 3.\2»*>E 0 1 ">.3657f: 01 
49 1 . I 5 5 2 F 02 5 .39T3F 01 
50 1.1814E 02 5 .4290E 01 
51 1 .2017* 02 5.6386E 01 
52 I .2340E 02 5 .8482F 01 
?3 1.2403E 02 6 .0578F 01 
54 i.?se*F 02 6 .26T4E 01 
55 1.31296 02 6 . 4 7 7 0 F 01 
56 I . 3392F 02 6 .762TE 01 
57 1 .3654* 02 7 .0484F 01 
5* 1.J917E 02 7 . 3 3 4 I E 01 
59 I . 4 I 8 C F 02 7.6199F 01 
60 1.4443F 02 7.9056F 01 
61 1.47C6E 02 8 .1913F 01 
62 1.4969F 02 8 .4770F 01 
63 1 .523 IF 02 
64 1.5454F 02 
65 1.5685F 02 
66 1.5748E 02 
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* 4 0 l * l »ND » l l * l 4fJ«IO*«!fS frm C O W l l i * • * ! : " • I I . f S - 1 3 C » i : J l » * I O H 

$?T 1 5*T 2 " T 1 
t / J 2 IC-M « I C " I • IC«1I a IC"» 

I -6 .4516? 0 1 0 0 0 
2 -6.221CE 31 9.60736- 01 7.6 79)6- 31 7.92116- 31 
3 - 5 . 9 9 4 4 6 3 1 1.3717* 0 0 1.5359* 0 0 1.43*26 00 
4 - 5 . 7 4 5 6 6 01 7.19996 0 0 2.303*6 30 2.19636 3 3 
5 -5 .53726 0 1 2.74 346 0 0 3.07176 33 7.80846 33 
6 -4 .308*6 0 1 3.56516 0 0 1.83976 0 0 K M 056 0 0 
7 - 5 . 0 6 0 0 6 0 1 4.11516 0 0 4.60766 0 0 4 . 1 4 7 ) 6 0 0 

* -5 .04S36 01 4.91696 0 3 5 . 3 7 5 * ' 0 0 4.77416 33 
9 -V,51676 0 1 5.4«68* 0 3 6.1*356 33 5.43536 93 

10 - 4 . 9 8 5 0 6 01 6.258'E 0 0 6 .66 )0? >3 6 .3 )766 30 
11 - 4 . 7 7 * 7 6 0 1 6.65856 0 1 7.0805? 3 0 0 . 559-36 90 
17 -4 .45916 0 1 7.65146 0 0 7. 50466 0 0 7.06356 30 
1 ) -4 .19656 0 1 8.7)02? 0 0 7.9255? 0 0 7.6677( 00 
14 - 1 . 9 ) 3 76 0 1 9.05946 0 3 5.10*56 3 3 8.25596 00 
15 - 3 . 6 7 0 8 6 01 9.60196 0 3 8 . 0 8 3 * ' os 9.8151* J9 
16 -3 .40806 01 9.93536 0 3 9.6019? 1 1 1.3752? 39 
17 - 1 . 1 4 5 2 6 01 1.06026 01 9.93536 OJ 9.93536 30 
to -2 .88236 0 1 1.12696 01 1.06026 OI 1.04 756 31 
19 - 7 . 6 1 9 5 6 0 1 1.15546 01 1 .1269 ' OI 1.10156 01 
20 -7 .35676 01 1.22826 01 1 .155* ' 01 I .I554F 91 
2 1 -2 .09386 01 1.2*366 01 1.2 7676 11 1.21486 31 
2 ? - 1 . 8 ) 1 0 6 0 1 1.34976 0 1 1.39806 0 1 1.27436 91 
?> -1 .5*826 31 1.41176 01 l . 4 * i * 6 01 1.33176 91 
2 * - 1 . 3 0 5 16 0 1 1.47906 0 1 1.48 74' 31 1.39316 91 
2 5 -1 .04256 01 1.53996 01 1.5296' 31 1.46146 31 
26 - 7 . 7 9 6 7? 1 0 1.61046 01 1.56816 01 1.52966 01 
2 7 -5 .16846 oo I .66306 01 1.59*76 31 1.59476 31 
271 -2 .54006 0 0 1.736 76 Oi 1.662*6 01 1.64016 31 
2 9 -6 .3500S--01 1.79616 0 1 1 . 7 3 0 1 ' 31 1.72676 31 
3 0 0 1.96)76 01 1.79 776 01 1.81326 91 
31 2.99726 0 3 1.<2*1? 01 1.965*6 01 1.86546 31 
32 5.99*46 0 0 1.99056 01 1.9**26 01 1.94516 01 
3 3 8.661*6 0 0 2.05246 01 2.02)06 01 2.02496 01 
14 1.1)756 0 1 2.11966 01 7.1018? 31 2.10466 31 
3 * 1.39966 0 1 2.18066 01 2.18066 31 2.180*6 31 
3 6 1.66636 01 2.24956 01 2 .250)6 31 2.208*6 01 
3 7 1.93306 31 7.30876 01 2.28376 01 2-7694? 1! 
5" i . ivttt 0 1 l.laiic 01 C.J3U7F 01 2.33076 01 
39 2.46656 01 2.41696 01 2.3797? 31 2.39316 01 
4 0 2.73326 0 1 2.487*6 01 2.43056 «>l 7-45556 01 
4 1 2.99996 0 1 7.56506 01 ' . 47616 01 7.51966 01 
4 2 3. 26666 01 2.6 7646 01 7.5196* 01 2.58956 31 
4 3 3.53346 01 2.69326 01 2 . 6 9 3 2 ' 01 2.65936 01 
4 4 3.80016 0 1 2.7297? 01 2.7292? 11 7.7292? 31 
4 5 4.03346 0 1 2.76716 01 2.76 71? 01 2.7671E 01 
4 6 4.76C86 0 1 2.83506 Oi 2.3050? 11 7.80596 01 
4 7 4.50016 0 1 2.86156 01 2.56156 01 7.86156 91 
4 8 4.81156 01 2.91806 01 2.9180? 01 7.91836 01 
4 9 5.12796 01 3.05906 01 3.02006 11 ) .02006 01 
50 5.399*6 0 1 3.20006 01 3.20OOE 01 3.70006 01 
51 5.6 7606 01 3.47536 01 3.4 7506 01 3.6750F 01 
52 5.95256 0 1 3.75006 01 3.75006 01 3.75396 O; 
53 • .22906 01 4.02506 01 i . 0250? 01 *.02*>6 01 
54 *.515»? CI 4.30006 01 4.3000? 01 *. 30016 01 
5* 6.78216 0 1 4.57506 01 4.60006 01 *.40096 01 
5o 7.09506 01 4.95C06 01 4.85006 31 4.85036 01 
57 7.40796 01 ' .09236 01 5.1)956 31 5.1)956 01 
58 7. 72096 0 1 5.33406 01 5.42906 01 5.*293F 01 
5« 8.033(6 01 5.38156 01 5.80016 31 5.83036 01 
6 0 8.34676 01 5.42906 01 6.1001? 31 6.10906 <"•! 
61 8.659(6 0 1 5.80OO6 01 6.4000? 01 4.49036 31 
6 2 8.97766 01 6.25306 01 6.70006 31 4.7000? 01 
6 3 9.28556 01 6.7000? 01 7.00006 31 7.00006 01 
64 9.59846 01 7.15006 01 7. 30036 11 7.33936 01 
6« 9.9111*; 01 7.60006 01 7.6000? 01 7.6003'- 01 
06 1.022*6 C2 7.90006 01 7. 90006 01 7.90006 01 
6 7 1.05176 02 9.20006 01 8.20006 01 8.20016 01 
68 1.(18506 02 8.50016 01 8.50006 01 8.53036 01 
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U A 

C04*5* **SM M M 0 4 B H 5 W f l l * * IC l f * *T I< * l I I I . * 

5*T I 
l / j * «<:•> • ic«r 

1 1.0I4OC 0 0 1.200* f 0 0 
t 4 . 0 3 2 0 * 0 0 4 .4012 f 0 0 
1 «.0400C 0 0 0 . 4 0 1 0 * 0 0 
4 1.2044* 0 1 l . t M K 0 1 
5 1.5010* 0 1 1.4077* 0 1 
4 1 .40*4* 0 1 2.MOOT 0 1 
T 2 . I U 2 C 0 1 1.1400* 0 1 

* 2 . 4 1 2 0 * 0 1 1 . T T 0 K 0 1 

* 2.T I44C 0 1 4 . 1 1 4 0 * 0 1 
to l . H T O f 0 1 4 . 4 1 0 4 * 0 1 
1 1 1 . »' 25 * 0 1 4.7244C 0 1 
12 1.T42T* 0 1 5 . 0 2 0 2 * 0 1 
13 4 .22>ef 0 1 5 .1340* 0 1 
14 4 . 4 0 1 2 * 0 1 5.3144* 0 1 
15 5 . 1 * 1 5 * 0 1 5 . * 0 * 4 * 0 1 
1 * 5 .6012* 0 1 4 .47T0* 0 1 
I T 4 . 0 * 4 0 * 0 1 7.0404* 0 1 
10 » . « j n 0 1 T . 4 l * * t 0 1 
1 * 7.0104* 0 1 0 . 1 * 1 1 * 0 1 
2 0 7.4474* 0 1 0.4TTOf 0 1 
2 1 T.0240E 0 1 
22 1.1170* 0 1 

n 1 . 1 1 * 2 * 0 1 
2 4 * . 2 * 4 4 * 0 1 
25 5.T514* 0 1 
2 * 1 .0211* 0 2 
2T I . M t K 0 2 
2 0 1 .0T41* 0 2 
2 * 1 .1200* 0 2 
W 1.1*14* 0 2 
31 1.2140* 0 2 
12 l . ? I M f 0 2 
1 1 1-11*2* 0? 
14 1 .1 *12 * 0 2 

» I . 4 4 4 } * 0 2 
1 4 1.4*44* 0 2 
I T 1 .54*4* 0? 
11 1 .5741* 0 2 

COMSE «f$K «oaNo*»ifs f»» C I M F U M O I T K M iv . * 

J f l I 
l / J I IC«II • IC«» 

1 - * . * * » 4 F 0 1 4 . 5 1 5 2 * 0 0 
2 - » . » i m 0 1 0 . 4 0 1 0 * 0 0 
1 - 5 . 0 0 0 0 * 0 1 1 .15*4 * 0 1 
4 - 4 . 4 5 * 1 * 0 1 1 . 4 4 M * 0 1 

* - L t l M I 0 1 2.1004F 0 1 
4 -J .40T1E 0 1 2 . 4 0 ) 2 * 0 1 
T - 2 . 0 0 2 ! * 0 1 2 . 0 I 6 0 * 0 1 

• - 2 . 1 5 4 4 * 0 1 1.14 TO* 0 1 

* - 1 .0101F O t 1.0100F 0 1 
n - 1 . 1 0 4 * * 0 1 4 . 2 4 T « 0 1 
i t - 7 . 2 * 2 1 * 0 0 4.T244C 0 1 
12 - 2 . 5 1 5 0 * 0 0 5 .1014* 0 1 
1 1 0 5.4104F 0 1 
14 5 . 0 * * 4 * 0 0 4.05TOF 0 1 
1 1 1.1124* 0 1 4.4TT0E 0 1 
14 1 . 4 6 4 1 * 0 1 4 . 7 4 2 7 * 0 1 
I T 2 . 100 i f 0 1 T.0404F 0 1 
1 0 2.T117F 0 1 T .114 IF 0 1 
1 0 1.2644F 0 1 T.4I00F 0 1 
2 3 1 .000 IF 0 1 T.005OF 0 1 
2 1 4.15CIF 0 1 0.4TT0F 01 
2 2 4 . IOCIF 0 1 

C06*^E «*5M H V * l » » t * S *T» CM* ICU4*T |<X I V . » 

SFT | 
l / J ( IC«I • IC" I 

1 1.0140F 0 0 4.4152* 0 0 
? 4 . 0 V C f 0 0 * . 4 0 I « F 0 0 
1 *.041CF 0 0 I .2411F 0 1 
4 I .2044F 0 1 1.4400* 0 1 
5 1.5040F *! 2.0200* 0 1 

« 1.00*4* 0 1 * . i l » * * 0 1 
T 2.1117? 0 1 2 . 4 * 1 2 * 0 1 
0 2.4120F 0 1 2 . * I O 0 * 0 1 

* 2.T144F 0 1 1.1400* 0 1 
10 J.1120* 0 1 l . T T M E 0 1 
11 1.1025F 0 1 4 . 1 1 4 0 * 0 1 
12 1.T42T* 0 1 - . .41*4* 0 1 
11 4.2210F 0 1 4.7244* 0 1 
14 4 . 4 1 1 2 * 0 1 5 . 0 2 * 2 * 0 1 
15 5.1415* 0 1 5.1140* 0 1 
14 5.4017* 0 1 5.1144* 0 1 
M 4 . 0 * 6 0 * 0 1 5 . 4 0 4 K 0 1 
10 4 .5512* 0 1 4.4TT0* 01 
1 0 T.0104* 0 1 T.0404F 0 1 
2 0 T.44T4F 0 1 T.4109* 0 1 
21 T . » 2 * f * 0 1 0 . 1 * 1 1 * 0 1 
2 2 1.1120E 0 1 1.4 T TO* 0 1 
2 1 1.1142* 0 1 
2 4 * . 2 * 6 4 F 0 1 
25 4.T514F 0 1 
2 4 1.021IF 0 2 
2T 1 .0461* 0 2 
2 0 I .0T41F 0 2 
2 * 1 . I 2 I 5 F 0 2 
1 0 1.1114* 0 2 
» I 1.2140F 0 2 
12 1.2044F 0 2 
1 1 1 .11*2* 0 2 
14 l . l * I T F 0 2 
15 1.4441F 0 2 
14 1.4*6*F 0 2 
I T 1.5444E 0 2 
M 1.5T41F 0 2 

C0»»5t "FS» 1011*0**1(5 F0» CINFKUrl lT IO* V I . * 

SFT I 
l / J I IC»1 • I C O 

1 1.0140F 0 0 1.2004* 0 0 
2 4.032CF 0 0 4 . 4 0 U F 0 0 
1 4 .0410* 0 0 0 . 6 0 1 * * 0 0 
4 I .2064F 0 1 1 .20* I f 0 1 
5 1 . 5010* 0 1 I .5TT4F 0 1 
4 I .0044F 0 1 I . * 1 I 4 * 0 1 
T 2.11I2F 0 1 2.1570* 0 1 

* 2.4121F 0 1 2 .4147* 0 1 

* 2.TI44F 0 1 2.4140* 0 1 
1 0 1 . I W 0 F 0 1 1.1400F 0 1 
11 1.1025* 0 1 l .TTfOF 0 1 
12 1.T62TF 0 1 4.1140* 0 1 
11 4.2210F 0 1 4 . 4 1 * 4 * 0 1 
14 4.6012E 0 1 4.7244* 0 1 
15 5.1415F 0 1 5 .02*2 * 0 1 
14 5.401TF 0 1 5.1140F 0 1 
I T t . 0 * 6 0 F 0 1 5.1144F 0 1 
11 ».»512F 0 1 5.4044* 0 1 
1 * T .0 I04 * 0 1 4.4TT0E 0 1 
2 0 7.44T4F 0 1 7.0414* 0 1 
21 T.*24»f 0 1 7 . 4 1 * * * 0 1 
It 1 . 1*20F 0 1 0 . 1 * 1 1 * 0 1 

n 1.0152F 0 1 0.4 7 TO* 0 1 
24 * .2»14F 0 1 
25 • . T 5 I 1 F 0 1 
24 1 . 0 2 1 H 0 2 
?T 1.0461* 0 2 
tt I .0T41F 01 
2 * I . I 2 1 0 F 01 
M I . I 014F 0 2 
11 l .21*0F 0 2 
12 I .2044F Ot 
1 1 1 . 1 1 * « 0 2 
14 I .101TF 0 2 
15 1.4441* 0 2 
M l .4 *««F 0 2 
I T I .5444F 0 2 
1 1 I .5T41F 0 2 
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COARSE *FSH BOUNDARIES FQB CONPf GUR4T10M I l . F S - 1 0 CALCULATION 

SFT 1 
T /J I t C « l R CCMI 

1 - 5 . 9 9 4 4 F 01 9 . 6 0 1 9 F 00 
2 - 5 . 5 3 7 2 E 01 1 .1554E 01 
3 - 5 . 0 8 0 0 E 01 1 .5947E 01 
4 - 4 . 4 5 9 3 F 0 1 1 .8654F 01 
5 - 3 . 9 3 3 6 E 01 2 . 1 8 0 6 E 01 
6 - 3 . 4 0 8 0 E 01 2 .5196E 0 1 
7 - 2 . 8 8 2 3 E 0 1 2 .9180E 01 
8 - 2 . 3 5 6 6 E 01 3.200OE 0 1 
9 - 1 . 8 3 1 0 E 0 1 3 .7500E 01 

10 - 1 . 3 0 5 3 E 0 1 4 .3000E 01 
U - 7 . 7966E 00 4 . 8 5 0 0 E 0 1 
12 - 2 . 5 4 0 0 E 00 5 . 4 2 9 0 E 0 1 
13 0 5 . 8 0 0 0 E 0 1 
14 5 .9944E 0 0 6 . 7 0 0 0 E 0 1 
15 1 .1329E 01 7 .6000E 01 
16 1 .6663E 0 1 7 .9000E 0 1 
17 2 .1998E 01 8 .5000E 0 1 
18 2 .7332E 01 
19 3 . 2 f t f f E 
20 3 .8001E 01 
21 4 . 2 6 6 8 E 01 
22 4 . 5 0 0 1 E Oi 
23 4 . 8 1 1 5 E 01 
24 5.122SE 01 
25 5.IS760F 01 
26 6 .2290E 01 
27 6 . 7 8 2 1 E 01 
28 7 .0950E 01 
29 7 .7209E 0 1 
30 8 .3467E 01 
31 8 .9726E 01 
32 9 .5984E 01 
33 1 .0224F 02 
34 1.0850E 02 
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2 - D R-Z GEOMETRY PLOTS 
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OBNL-OWG 7 9 - 7 8 1 5 

2 - D GEOM FOR CONFIG II.A 

u 

X 

C ^ STEEL 
1 ^ 1 CONCRETE 

• • -

i i • i ' 
O.OO K.95 33.91 50.86 67.82 84.77 

RAO I US (cm) 

Fig. E. l . Plot of 2-D Geometry 
Model for GCFR Grid-Plate Shield 
Experiment Configuration II .A. 
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ORNL-OWG 79-7816 

2 -D GEOM FOR CONFIG li.B 

f ' ^ n CONCRETE 
C ^ l STEEL 

• I 

- t i * —r* 
OOO 16.95 33.91 5086 6782 84 77 

RADIUS (cm) 

Fig. E.2. Plot of 2-0 Geometry 
Model of GCFR Grid-Plate Shield 
Experiment Configuration I I .B. 



153 

ORNL-OWG 7 9 - 7 8 1 7 

2 - D GEOM FOR CONFIG ll.D 

OOO 16 95 3391 SOW 67 82 84 77 
RADIUS (cm) 

Fig. E.3. Plot of the 2-D Geometry Model fo r GCFR Grid-Plate 
Shield Experiment Configuration 71.D. 
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ORNL-OWG 79-78«8 

2 -D GEOM FOR CONFIG II.E 

SZS3 STEEL 
8 S 3 8 4 C + STEEL 
(ZZ3 CONCRETE 
L 3 Al 
riTTTTTl AI+STEEL 

(SPACER PLA7E) 

34.0 510 
RAO I US (cm) 

85 0 

Fig. E.4. Plot of the 2-D Geometry Model of GCFR Grid-Plate 
Shield Experiment Configuration II.E. 
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ORNL-OWG 7 9 - 7 8 1 9 

2 - D GEOM FOR CONFIG li.F 

u 

I 
CD 

x s 

0.0 
I B i e i l l l t l J I f l i U I 

• • 

51.0 
RADIUS (cm) 

68.0 

E 3 3 STEEL 
E223 B4C + STEEL 
FT71 CONCRETE 
I J Al 
EHUD Al + STEEL 

(SPACER PLATE) 

85.0 

Fig. E.5. Plot of the 2-D Geometry Model of GCFR Grid-Plate 
Shield Experiment Configuration I I .F . 
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OHML-DWG 7 9 - 7 8 2 0 

2 - D GEOM FOR CONFIG lll.A 

RADIUS (cm) 

Fig. E.6. Plot of 2-D Geometry 
Model of GCFR Grid-Plate Shield 
Experiment Configuration I I I .A. 
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ORNL-OWG 79-7821 

2 -D GEOM FOR CONFIG IV.A 

I 
O 
x 2 

rn 
C S 3 STEEL 
r ^ l CONCRETE 

1 • • i • r - 1 
000 «.9S 33.91 5 0 * 6 67 82 84 77 

RAOIUS (cm) 

Fig. E.7. Plot of 2-D Geometry 
Model of GCFR Grid-Plate Shield 
Experiment Configuration IV.A. 
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ORNL-OWG 7 9 - 7 8 2 2 

2 - D GEOM FOR CONFIG IV.B 

E o 

I o 

o.oo 1695 

STEEL 
i o m v 8 4 C + STEEL 
rr?~=i CONCRETE 

— r 
501 33.91 

RADIUS (cm) 

— i — 
67 82 

^ 
• 4 77 

Fig. £.8. Plot of 2-D Geometry Model of GCFR Grid-Plate Shield 
Experiment Configuration IV.B. 
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OftNL-OWG 7 9 - ^ 8 2 3 

2 - D GEOM FOR CONFIG V I A 

s -
I o 
UJ 

*1 

g ^ ^ STEEL 
CONCRETE 1- *, 1 
STEEL 
CONCRETE 

0.OO W.9S 33.91 5036 67 82 84 77 
RADIUS (cm) 

Fig. E.9. Plot of 2-D Geometry 
Model of GCFR Grid-Plate Shield 
Experiment Configuration VI.A. 
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ORNL-DWG 79-10S56 

STEEL 
ILC • STEEL 

lililiiil *i • SUEL IS»»CE» PL*T£) 

ItO i\0 
RADIUS (cm) 

M.0 SSC 

Fig. E.lO. Plot of 2-D Geometry Model Used in the 
Calculation of GCFR Gr'd-Plate Shield Experiment Configuration 
I I .F with tne S 1 0 Symmetric Quadrature. 
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