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ABSTRACT

The results of the analysis of the GCFR Gric-?late Shield Sesign
Confirmation Experiment are presented. The experiment, performed at the
ORNL Tower Shielding Facility, was designed to tes! the adequacy of methods
and data used in the analysis of the GCFR design. In particular, the
experiment tested the adequacy of metheds to caicu-ate (1) axial neutron
streaming in the GCFR core and axial blanket, (Z) %re amount and location
of the maximum fast-neutron exposure to the grid piate, and (3) the neutron
source leaving the top of the grid plate ard enterirc the upper plenum.
Other objectives of the experiment were to verify *.e grid-plate s.ield-
ing effectiveness and to assess the effects of fuei--in and subassembly
spacing on radiation levels in the GCFR. 7The experimental mockup: con-
tained regions representing the GCFR core/tiarket reqgien, the grid-plate
shield section, and the grid plate. Most core desigs options were
covered by allowing (1) three different spa:ings between fuel subassemblies,
(2) two different void fractions within a subassemt::y 2y variation of the
number of fuel pins, and (3) a mockup of a control-rzd channel.

The results were analyzed using the B0T-IV disciv2 ordinates, the
MORSE Monte Carlo, and various auxiliary computer codes. DOT results
agreed with measurements taken close behind *he fuel 5i: and grid-plate
shield configurations to within 207.. For detectors 4:4.ant from those
configurations, the DOT rzsults were up to 50" higher rain the measure-
ments. The results close ‘n behind the grid plate als; -howed a i
overprediction. Results for distant detectors behind k. grid pliie were
about twice the measured results. The MORSE r2sults «er:z in good i <e-
ment close behind the configurations, though there was :rrious urid-r-
prediction close behind the grid plate. For tke aistan. Jetecl-r-. :he
MORSE results were somewhat better than DOT behind the “vel pir a. d were
in excellert agreement with the measurements benind the gvid plate.
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For the GCFR design, the results indicate that methods used in the
analysis cf the GCFR shield design are adequate for most cases. Except
for locations behind the grid plate and distant locations behind the
fuel pins and behind the grid-plate shieids, the aqreement between the
caiculated and measured results was much betier than the desired 20%
agreement. An exception was a slightly greater than 20% difference be-
tween the calculated ad measured ratios of the fast neutron fluxes
behind fuel-pin configurations with interassembly gap widths of 0.318 cm
and 1.27 cm. The agreement between the calculated and measured fast-
neutron exposiure to the grid plate was excellent; the results were well
within the 10% uncertainty of the measurements. The point on the grid
plate at which the fast-neutron exposure was highest was also predicted
well. Regarding the flux emerging from the grid plate, a calculation
using a 150-angie biased quadrature overpredicted the detector responses
benind the grid plate by factors of 1.5 to 2.0 (partially due to over-
predictiorn of the forward-peaked angular flux leaving the fuel pins).

A calculation with a quad:ature (S;,) frequently used in past design
calculations, underpredicted the sa.e responses by factors of 4.0 to
12.0. By analyzing the behavior of botih quadratures, it was estimated
that the design calculations underpredicted the neutron transmission
through the grid plate by no more than a factor of 4.0. This implies

a correcticn factor of 4.0 for radiation 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 with little, if 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 B. T. Ingersoll

EXECUTIVE SUMMARY

In the proposed 300-MW(e) Gas-Cocled Fast Breeder Reactor (GCFR)
demonstration plant,! the grid plate is the supportive structure for the
fuel and blanket subassemblies which are suspended below it. Perkins and
Cerbone? have stated that it is "essential that adequate shielding be pro-
vided to assure the structural integrity of *he grid plate for the life
of the plant." The shiclding is said o 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. Yo 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 Gak 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 experimant was designed to verify the ability of
methods used in the analysis of the 5CFR shield design to calculate (1)
axial neutron streaming in the GCFR cor2 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 anqular
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 configuratinns were designed to provide a reaconable
mockup of the GCFR design from the reactor core through the grid plate.
The core was modelied by seven ‘uel-pin subassemblies which were surrounded
by steel-lined concrete in order to have enough neutron refiection to sim-
ulate a semi-infinite fuel-pin array. The configurations were designed

*Qesearch 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 .he 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 Bonner balls). The spectrometers and Bonner ball
detectors provided data for absclute comparisons with the measurements.
Tnhe Hornyak button, on the other hand, provided data for comparisons
requiring high spatial resolution.

The calculatie..; 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
Tocation 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 0.316 cm to 1.27 cm. The measured 5-in. Bonrer ball count
rate and the Hornyak button response respectively indicate a difference
of 8% in the total flux and 28% in the £ > 1.0 MeV flux when the gap
width is likewise varied. The 28% difference in the fast fluxes for the
two gap widths does not cause concern because measurements taken about

Z um from the enad of the fuel pins showed less than a 5% difference on
the centerline and about 8% behind the interassembly gap. These percentage
differences are comparable to those calculated at 30.5 cm behind the
fuel pins. The calculation may have some problems with the gap between
the liner and the subassemblies (peripheral gap) when the subassemblies
are spaced 0.318 cm apart. The peripheral gap is then 1.59 cm compared
to 0.635 cm when the subassemblies are spaced 1.27 cm apart.

The effect of fuel-pin spacing on neutron streaming in the fuel-pin
array was determined by comparing neutron leakages from heterogeneous and
homogeneous calculations of a particular configuration. The streaming
effect was found to be 9% to 11% for subassembly void fractions 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 fissile inven-
tory calculated with a homogeneous core model.

The methods also proved adequate for calculating the peak fast-
neutron exposure to the grid plate. As mentioned before, the results
were well within the 10% uncertainty of the m isurements. The measured
peak fast-neutron exposures to the grid plate were examined and found to
increase nonlinearly with increasing gap width. For example, peak expo-
sures were in tne ratio of 1.55:1.15:1.0 for gap widths of 1.27, 0.635,
and 0.3175 cm respectively. While there was a 28. difference in the
neasured 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 grid-nlate shield. The peak-to-minimum fast-neutron exposure
ratio was found to increase nonlinearly with increasing gap width.

The methods were somewhat 1lacking in their abilities to calculate
the angular and energy distribution of neutrons leaking from the top of
the grid plate. The Monte Carlo method did well in calculating the
integral detector responses 305 cm behind the grid plate but underpredicted
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resuits close behind the grid plate. The discr2te ordinates results
were sensitive to the quadrature used in the calculation. The highly
biased 150-angle quadrature, used in most of the experiment calculations,
gave results which were factors of 1.5 to 2.2 times the measured results.
Part of the overprediction mray have been due to a factor of 1.5 over-
prediction in the fiuxes 305 cm behind the fuel pins. This translates

to an overprediction in the forward-peake? angular fluxes. The forward-
peaked angular fluxes from the fuel p- s became more important as the
source was collimated by the hcles in the grid-plate shields and the

grid plate. Thus the factor of 1.5 overprediction was propagated from
the core through the grid plate. The calculated energy spectrum was
reasonably close to the measurea _~2ctrum except for the normalization.

A iower order S;; symmetric quadrature gave results whick underpredicted
fluxes close behind the grid plate by factors of 4.0 to 12.0. It was
estimated that this quadrature, when used in design calculations, may
underpredict fluxes in the GCFR upper plenum by factors of 2.5 to 4.0.

In the past the upper axial shield design has met constraints with a
margin sufficient to allow for the application of such multiplicative
factors to the calcuiated radiation levels.

In conciusion, the calcutations were able to predict radiation levels
at the important positions within the GCFR shield design. In particular,
the flux leaving the fuel-pin region and the peak fast-neutron exposure
to the g-id plate were calculated witkin the 10% measurement uncertainty.
Streaming effects due to subassembly gap width were found to have a large
effect on the peak fast-neutron exposure to the grid piate. Finally, it
wis determined that discrete crdinatcc calculations of neutron transport
through the grid plate were sensitive to the quadrature. It 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 overpredictiun vbiaired using
the biased quadrature, is probably an upper bound tn the ur-eriainty in
the calculations of the neutron leakage from the GCFR grid plate.



The aralysis of this experiment has followed recommended practices
for the impiementation of required COE and/or other Quality Assurance
Standards. By official agreement, the GCFR program follows ANSI %45.2.
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1.0 INTRODUCTION

The major support for the ccre of the 300-MW{e) Gas-Cooled Fast
8reeder Reactor (GCFR) demonstration plant® 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.? Since exposure to a sufficiently high fast-neutron fluence can
significantly change the mechanical pronerties of the grid plate, it is
necessay that the fast-neutron fluence be 1imited to an acceptable level
througn tie addition of shielding at strategic locations. The determina-
t.on of the neutron-flux levels and the adequacy o the shielding gener-
ally rests with calculations. The caiculations, 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 Experiment3 was performed
at the Ock Ridge Naticnal Laboratory {ORNL) 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, emphesis was
placed on verifying the ability of the methods to predict (1) the energy
and angular distribution of neutrons leaving the axia! 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 configuraticons 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 incl.sion
of a variable fuel-pin pitch and subassembly pitch in the experimental
program plan. 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 fuel-pin and subasserbly
pitches considered in the design, the experiment bracketed the effects
of streaming for the most likely 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 II through VI and their associated subsections (i.e., A, B, C, etc.)
give brief descriptions of the various configurations. The experimental
configurations described in Sections VII and VIII were designed to give
a direct measurement of the streaming effect for rod or Lin arrays by
comparing results from the heterogeneous configuration with those from
the equivalent homogeneous configuration. A1l of the confiqurations were
surrounded by steel-lined concrete. Descriptions of configurations II-VI
are presented in Table 1 and in the following sections.

2.1. Internal Components

The experimental configurations have four basic internal components:
(1) the v uel-pin subassembly, (2) the hexagonal grid-plate shield, (3) the
cylindrical grid-plate shield, and (4) the grid plate. Figure 1 shows the
fuel-pin subassembly. Each is about 122 cm long and contains either 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 either 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 grid-plate shizld. The external dimen-
sions of the shield closely approximate those of the GCFR moderate pres-
sure drop design (220 kPa). The B,C density (average 76.7% theoretical
density) and the steel are different from design specifications, but the
preanalysis showed the shield design for the experimment to be essentially
equivalent to that for the GCFR demonstration plant as far as neutron
transport and shielding effectiveness are concerned. The cylindrical
grid-plate shield is shown in Fig. 3. Again the B,C density and the
steel are different from design specifications. But by the previous



Table 1. A Description of the GCFP Grid Plate
Shield Experimert Configurations*

Configuration Description
Ii.A Empty cavity nidden by concrete shadow shield
and surrounded by steel-lined concrete
11.8 [1.A plus seven subassemblies spaced 1.27 cm
apart and containing 127 7Tuel pins per Sub-
assembly
I1.C 11.8 plus steci-lined concrete section for

grid-plate shields

I1.D I1.C plus seven grid-plate shield subassemblies
spaced 1.27 cm apart
I1.E 11.0 plus a b6l-cri-thick stack of iron plates
Tocated 15.24 cm from the grid-plate shields
I1.F [1.0 followed by the prototypic grid-plate
moc kup
I11.A I1.A plus seven subassemblies spaced 0.635 cm
apart and containing 127 fuel pins per sub-
assenhly
i1I1.8 [11.A pius seven grid.plate shizld subassemblies
spaced 0.635 cm apart
111.C 111.B plus a 61-cm-thick stack of iron piates
Tocated 15.24 cm from the grid-plate shields
IV A I1.A plus seven subassemblies spaced 1.27 cm
apart ana containing 91 fuel pins per sib-
assembly
IV.B IV.A plus seven grid-plate shieid subassemblies
spaced 1.27 cm apart
Iv.C 1¥.B plus a 61-cm-thick stack of iron plates
located 15.24 cm from the grid-piate shields
V.A IV.A minus seven fuei pins from the center of
the central fuel subassembly
V.8 1V.B minus seven fuel pins from the center of
the central fuel subassembly
VI.A I11.A plus seven subassembiics spaced 0.318 cm
apart and containing 127 fuel pins per
subassembly
V1.8 VI.A plus seven grid-plate shield subassemblies

spaced 0.318 cm apart

*Note that all components--the fuel pin subassemblies, the grid-plate
shield subassemblies, and the grid plate--are surrounded by concrote
in the radial direction.
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argument, the shield effectiveness is believed 10 be nex-iy equivalent
to that of the design shield. The grid plate is aiso sh.an in Fig. 3.

2.2. Basic Configurations - I1.A

The basic configuration, which is a part of all confi-yrvazions, is
the steel-1ined roncrete structure shown in Fig. 4. Two s:ezel liners form
a cylindrical annulus down which neutrons st-eam from the Tiwer Shielding
Reactor (TSR) before they are scattered from *he concrete u:.itc¢ the fuel
pins. An 18-sided, 122-cm-lorng, 0.95-cm-thick steel liner scaports the
shadow shield and forms the cavity into which the fuel subasssvblios are
inserted. The shadow shield prevents TSR neutrons that would ~tream be-
tween the pins with few collisions from being the dominant contributors
to detector responses behind the configuration. Tke main sou:-z2 is
directed around the shadow shieid and scatters in directionc zh’:h are

nearly perpendicular to the pins.

- IR -

— PLLRY -

SECTINN
L3 ]

TN, T METEAY,

Fig. 4. The Basic GCFR Grid-Plate Shield Experiment Configuration
I[T.A with Empty Core Cavity.



2.3. Other Configurations Il

Add seven fuel subassemblies spaced 1.27 cm apart and cuntaining
127 fuel pins per subassembly to Configuration I1I.A and ore gets Config-
uration II.B as shown in Fig. 5. Configuration II.C :s formed by addition
of the next section of concrete with empty cavity to Contiguration 11.8
as shown in Fig. 6. Next tiie grid-plate shield section wiir shields
spaced 1.27 cm apart is added to Configuration II.C te fors Configuration
I1.D as shown in Fig. 7. Coafiguration II.E in Fig. 8 has a 61-cm-thick
stack of steel plates 15.24 cm from the end of Configuraticn II.D.
Figure 9 shows Configurztion II.F with a 63.5-cm-thick stack of steel
p*ates with seven holes into which the cylindrical grid-plate shields
are inserted (see Fig. 3). The cylindrical grid-plate <hields are aligned
with the hexagoral grid-plate shields of Co figuration II.D.
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2.4. Configurations III

Configurations III are characterized by subassemblies which contain
127 fuel pins each and which are spaced 0.635 cm apari. Otherwise they
are like Configurations II with III.A corresponding to II.B (Fig. 5);
IT1.B corresponding to I1.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 I1.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

Confiqurations VI are characterized by subassemblies wnich have 127
fuel pins each and which are spaced 0.3175 cm apart. Con%iguration VI.A
is similar to II.B (Fig. 5) and VI B is similar to I1.0 (Fig. 7).

3.0 DETECTORS

The EPP in Appendix A 1ists all detectors with which measurements
were to be taken and, where possible, the location of the detector behind
a given configuration. Most measurements were taken with the 2-in. Cd-
covered and 5-in. Bonner balls and with either a 0.635-cm-diam or a 1.27-
cm-diam Hornyak button. Selected measurements were taken with the 2-in.
bare, 3-in., 6-in., 8-in., 10-in., and 12-in. Bonner balls and the NE-213
and hydrogen counter spectrum detectors. Response functions in the 51-
group structure for the Hornyak button and all Bonner bails except the
bare one are given in Appendix B. R. E. Maerker“ indicates a response-
function uncertainty of 5% for the 2-in. Cd-covered and 3-in. Bonner
balls; 10% for the 5-in. and 6-in. Bonner balls; 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-
gas (boron-enriched to about 965 198 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 i3) a polyethylene spherical shell
covered with a 0.038-cm-thick sheet of cadmium. As the polyethylene
thickness 1s 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 Tucite in which silver-activated
zinc sulfide [ZnS(Ag)] phosphor particles have been uniformly suspended.
The di-* °> mounted on a phototube which detects light pulses {scintilla-
tions) mainly vrom neutron-induced proton recoils which interact with
the phosphor. A threshold voltage or pulse height setting, set to dis-
criminate against pulses resulting from carma 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 pbutton 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, *°“C¢, etc.).> A1l 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 Vrom the fact that the calibratian factor was
determined at a 6V pulse height setting (PHS), while the actual measure-
ments were made with @ 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 mude for the 35 V setting. Also,
the differences in the neutron cspectrum 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 fo-B neutron sources.

4.0 NEUTRON SOURCE

The neutron source for the experiment is provided by the Tower
Shielding Reactor (TSR-II). 1In a manner similar to that described by
Maerker,® 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-dimensiona?! 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 caiculations of the experimental configurations. Note that the out-
put bouncary 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 anqular 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 2ve given
in Appendix D.

Calculatiors 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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sources output from DOT-IV have to be preprocessed before teing input

to FACT.

before being input to DOT-1IV.
records and leaving only angular fluxes in a nositive or negative eta-

Similarly, the output sources from FACT have to be postprocessed
The processing involves removing header

or mu-direction when the source is input to FACT ¢nd adding header

records and padding the angular flux arrays with zeroes fo- a source

input to DOT-IV.

Codes to perform these operations were user written
and were specific to the particular calculotinn.
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5.0. CALCULATIONAL MODELS

5.1. Two-Dimensional Model

Meterial boundaries of irregular shape occurred mainly in the radial
direction. These were cylindricized while conserving the volume contained
with.in the boundary. In the fuel pin region, boundaries were determined
by the envelope surrounding the outer six tuel 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 walis .ere assumed to be intimately mixed with
the fuel pins of the cuter 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
fiuel 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 36 degrees and thus have narrower
shield openings than the actual shield. Fiqure 11 shows the actual geom-
e.ry 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
tapercd section of the shield.

The spatial mesh boundaries and major cunvergence parameters used
in the cclculation 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
11.F sc that the steel of the grid-plate shield would be separated from
the steel of the grid plate. The group structure, ouadrature, and fis-
sion spectrum, a;s previously stated, are in Appendix D.
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Fig. 11. Illustration of the Actual Grid-Plate Shield Geometry
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-dimensionai. 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 directicn 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 tiie 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 crder 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 is still able to give an estimate of the effect of the two-dimensional
aprroximations in the gecmetry 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,

I1.A, with steel-lined concrete surrounding an empty cavity. Because of
the way the configuration is designed, this particular calcnlation appears
to be the analysis of neutron streaming down a stepped, plugged, steel-
lined concrete duct.

The calculation used 51 neutron groups, P; cross-section expansion,
and a 150-direction, biased quacrature set.

Two sets of measurements were taken for this configuration: (7)
axial traverses along the centerline of the cavity, and (2) radial trav-
erses 30.5 cm behind the configuration. Calculations were performed with
the DOT-IV? 2-D discrete ordinates code and the MORSE!Q Monte Carlo code.
A comparison of calcutation with measurement is shown in Fig. 12 for the
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Shield Experiment Configuration II.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 talls. Also
shown are absolute values at the point closest to the shadow shield in
units of ergseg len”leW™! for the Hornyak button and countsemin™leW™!
for the Bonner balls.

While the shapes of the JOT-IV (or simply DOT) calculated curves
agree well with the measured shapes, the calculated absolute values are
all higher than .ne measured values. The Hornyak button results are nigh
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-directio. 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 calculction.
Other possibie 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 2D 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
traver<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. (MNote: 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 resuits. /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 ;s 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%.
Thic 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


http://traven.es

ro
o

Se1072 o
(o] -]
DISTANCE (cm)

Fig. 13. Comparison of Calculated and Measured Hornyak Button
Response for a Radial Traverse 20.5 c¢m 38ehind GCFR Grid-Plate Shield
Experiment Configuration II.A.

ORNL-DWG 79- 7804

Y
o
b

counts/minW

M 0 a3 0 1) %
DISTANCE (cm)
Fig. 14. 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 I1I.A.

se1d K
[+]



™~
-—

Oonty. - OWG TY- 7803

. —  c=MEAS
p SRR R ©=DCT-1V

XY STEEL

counts/minW

0 s 3 o 0 75 %
DISTANCE (cm)

Fig. 15. Comparison of Calculated and Measured 5-in. Bonner Ball
count Rate for a Radial Traverse 3G.5 cm Behind GCFR Grid-Plate Shield
Experiment Configuration II.A.

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 £-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 aad 5-in. Bonner ball results
at 30.5 cm behind the configuration appear to agree well with the meas-
ured results. On the other hand, the DOT/DISKTRAN!! 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 42% higher directly behind 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 resuits. The Monte Carlo cal-
culation with fission led tc results that varied widely according to
batck 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 bhatches” case. Besides, a Monte Carlo calculation in
which a source i3 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 tall. 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=2 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 must 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 ca 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
reflecvive boundaries have becn 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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Fig. 22. Comparison of Calculated and Measured Neutron Spectra on
the Centerline 138.1 cm Behird the Fuel Pins of GCFR Grid-Plate Shield
Experiment Configuration 11.B.




n
~

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. Geod
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 (.12 - 15 MeV. Those integrated fluxes and the measured 3-in.,
6-in., and 10-in. Bonner ball count rates are compared with the calculated
results in Table 2. It is seen that the calculated results agree well
with the measured results, particularly the high-eneray 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. C(omparison of DCI/DISKTRAN-Calcula:=d and Measured
Detector Responses on the Centerline 138.1 cm Behind
Configuratisn II.8

Response
Response Type Calculated Heasured C/E
Bonner ball (counts/min-W)
3-1in. ball 356 280 1.17
6-in. ball 1470 1270 1.16
0-11. ball 647 600 1.08
Flux (neutrons/mi--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
I1.B when there was such a large discrepancy in and behind the basiz 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 I1.B. The shields, 1ike the fuel subassemblies, are
spaced 1.27 cm apart. The measurements inciuded axiel traverses down the
center of the central grid-plate shield subassembly and radial traverses
close behind the grid-plate shields. The 0.635-cm-diam Hornyak button
und the 2-in. Cd-covered Bonner ball were used for these measurements.
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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 NOT-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 helieved that the drop in the MORSE results is due to underpredi-:-
tion. The reason for this belief is illustrated ciearly in Fig. 24, where
the Z-in. Cd-covered Bonner ball results are shown. The DOT results agree
well with tne measured results. On the other hand, the MORSE results
start out agreeing well, but they undercredict 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 2f 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
DCT 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-measurem=ut 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-ir. 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
Borner ball is smaller.

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

Distance from -— Response
Response Type Shield (em) Calculated Measured C/E
Hornyak Button 30.5 5.94-3% 2.91-3 2.04
(ergs/geheW) 305 1.25-3 5.94-4 2,10
Bonner Ball (counts/mineW)

2-in. Cd-covered 30.5 5.20 4,92 1.06
ball 305 1.66 1.22 1.36
5-1in. ball 30.5 1120 976 1.15
305 187 118 1.58

*Read: 5.94 x 10 3.
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7.1.4. Configuration 11.E

Calculational comparisons with measurements behind configurations
similar tc I1.D 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 I1.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 with 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 Confijuration II.E.



(8]
(W

GANL-0OWG 79- 7807

] LEGEND
: —-————O-‘AS
......... 0w DOT-IV

STEEL
E28D B,C + STEEL
B4C

counts/minW

0 6 20 30 0 56 68 70
RADIUS (em)
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Count Rate for a Radial Traverse 7.62 cm Behind the Shields of GCFR
Grid-Plate Shield Experiment Configuration I1.E.

Cd-covered Bonner ball curve is generally characteristic of the one seen
in Fig. 26. Calculated results (1) started out slightly iower 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 includeu 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



holes in the grid plate, steel clad B,C 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 c~id 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 2.6Z cm behind the grid plate.

The DOT results are about a factor of 3.0 times the measurements while
the MORSE results are avout a factor of 1.7 to 2.0 times the measurements.
Assuming the MORSE results are correct except for the normaiization 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.
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Figures 30, 31, and 32 compare calculations and measuremert 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 DQT-calculated Horryak 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.



36

ORML-DWG 79-77%

counts/minW

LEGEND

————0 =MEAS

......... 0 =DOT-IV
» = MORSE

XN STEEL
&N 8,C + STEEL
I e,c

Fig. 31. Comparison of
Bonner Ball Count Rate for a
Grid-Plate Shield Experiment

50 &0
RADIUS (cm)

Calculated and Measured 2-in. Cd-Covered
Radial Traverse 30.5 cm Behind GCFR
Configuration 11.F.

ORNL-0OWG 79-7797

250 §%

counts/minW
g

LEGEND

—o0 = MEAS
---------- 0 =0T~V
s = MORSE

STEEL
8 8,C 4 STEEL
B4C

o
-

20 30 40 50 60
RADIUS {(cm)

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

Experiment Configuration II.F.



37

OANL-DOWG 79-7798

LEGEND

S STEEL
[ 8,C + STEEL

' - T3 B,C
q‘
.

ergs, gh W

RADIUS (cm)

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.

ORNL -DWG 79-7799

LEGEND
———  —O =MEAS
---------- o =0T -V
& = MORSE

/

STEEL
B4C + STEEL
8,C

I

counts/min W

60 30 100 120 140
RADIUS (em)

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.



ORNL -DWG T9-77¢Y

LEGEND
e 0 = MEAS
‘G"?“"“’»—.‘ --------- ©=DQT-1V
] . NS a2 = MORSE
P——’\‘.\ ~°‘
] N :‘,
“\“. L3 STEEL
1 - % B4C + STEEL
= . ~ R £33 8,c
c 10 1 . ® d
€ w  ®
£ ] ™
wm ~ ‘..
-~ B ®,
3 ‘o._
o ""'c}-~
Q W
L Li Al L L
40 60 ® 00 120 10

RASIUS {cm)

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 Confiquration [I.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 thz 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 yrid 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 shiel! 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-d2nsity
(helium or air) region immediately following the grid plate. However,
the expe.-imental 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

L N | S S A S

+ - .
i <5 — - ™EAS
H
A o~ 0oT-iv —_
""" ' ‘—J-ij - ;
R : - -
g -
f Bt 3
ﬁ,_ ‘1}1;: -
3 L. H
1o =y LJ". !
_e L_ . -5 “J}
- z T
E %" t Wﬁ
z g |
x 2 h W -
z | N c-
=t Y
S | 1
i 4 ;
| &) I t N
> -

FLUX
T
R

o
r
r
)

£

.__f
|

? L | | I ' | |
10 ‘a‘-?*‘zl——‘l‘_‘m-ﬁ 2 SR s ,1? —+ -%___1102
FNERGY [MFV}

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 ccmparison 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. Whiie 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.
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Fig. 37. Comparison of MORSE-Calculated and Measured Neutron
Spectra 34.3 cm Behind GCFR Grid-Plate Shield Experiment Configuration
I1.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 > (.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 (han 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. Comparison of Calculated and Ycasured Detector
Respcnses cn the Centerline Behind
Configuratfon II-F
valculated Response C/E
Distarmce (cm) Measured
Response Type from Grid Plate Rosnense DOT MORSE DOT MORSE
Flux (neutrons/cm?-minew)
E> 0.9 MeV 34.29 26.61 4n.99 23.6243,42 1.54 0.89+0.13
E > 0.12 MeV 35.29 99.22 1464 72.044.38 1,48 0,7340.04
Bonner ball (-ounts/min-V)
3-in. ball 34.29 42.6 59.0 - 1.4 -
2-in. ball 05 0,493 1.n8 0,&6::’).()76 2.1 ().9-';_0:0.15
3-in. ball 305 12.3 25,6 - 2.1 -
S5-in. ball 305 55.1 116 h2.h+H_RY 2.1 I.las0. 12
6-in. ball n5 62.1 127 - 2.0 -
8-ia. ball 305 50.8 141 - 2.0 -
10-{n. ball 305 29.6 h2.6 - P -

12-in. ball 305 16.8 36,4 - 2.2 -
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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 Configura*ion II.A. One would have expected a similar or worse
discrepancy to exist when the fuel pins were added (Configuration IT.B).
Yet tne calculations and measurements were in good agraement 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
sodrces generated from previous smaller configurations, only the two basic
configurations (II.A and I11.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. Conseguently, the calculation
was redone with a symmetric 96-angie (S;,) quadrature with slightly more
angles in the -Z direction {48 angles compared to 35 angles). Both quad-
ratures gave essentially the same results.

The.configuratior v. . further examined by sensitivity and channei
theoryl? analysis to try to understand the transport through it. The
VIP1 - computer code was used to generate the sensitivity matrices which
were input to FORSS!" 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!® 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 c¢cm behind Configuration I[.A)

Atom Densities (barn !-:cm !)*

TSF Ordinary ALww AR

Elements Concrete Cancrete Sena'tivity b R
Na 2,73=5 1.05-3 -3,50-4 3.746+1 -1.31-2
0 4,202-2 4,385-2 -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 l.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 4.77340 «1,56=-2
Ca 1.0-2 2.92-3 -8.25-2 -7.080=-1 5,842
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 -9,000-] 7,282
1.015-4 1.0-6 -7.91-4 -9,901-1 7.83-4
Total -1.054 8.19-2
*Densitles computed from atom deasities are 2,34 g/mc and 2,39 g/me for ordinary un:—

TSF concrete, respectively,

**Fractional change in the atom density (thus cross section) in going from TSF
cupcrete to ordinary concrete.

134
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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 l'sed in the GCFR Grid-Plate Shield Experiments*

Compound Weight percent
$i02 21.2
Al20; 5.5
Fe20; 2.6
Ca0 64.5
MgO 2.7
S03 2.2
Na,0 0.4
Assumed H:0 of hydrationk* 1.0

*Analysis performed by General Portland Cement Company of Chattanooga,
Tennessee, and reported on July 21, 1978.

**Based on SO3 percentage and the Zormila for gypsum [Ca0(S03)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 3.41
510, 11.28 9.4]1
Fe,0; 0.94 0.94
Al;0; 1.30 1.57
Ca0 33.34 36.96
MgO 13.6 13.2
Na,0 0.01 0.022
K20 0.50 0.53
S0; 0.091 0.16
P,0s** 0.09 0.10
CO; 33.66 32.19

101.1% 98.49"

*Sample 1 is from the concrete surrounding the fuel pins and sample 2
is from that surrounding the Bu,C shields.
**Phosphorus combined with sulfur in calcul  _.oms.
”Height percentages normalized to 100% before use.
Deficiency of 1.5% assumed to be water. Thus water content is 4.92%.
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ordinary (Portland} concrete found in the Nuclear Engineerinc Handbook.!’
The sixth mixture was an ordinary (s4B) concrete used in the GCFR design
analysis. The previously computed sensitivity coefficients (Table 5) were
muitiolied 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 ccncrete compositions {elements and atom densities of
each), the percent of water in the mixture, and the predicted percent
change in the count ratc. 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 axial traverse down the centerline of the empty cavity are compared
with the measured curve in Fig. 39. As predicted bty 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 Towered 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 #] 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!8 have shown
a high percentage retention cf water in the portion of the concrete away
from heat sources and away from exposed surfaces. The concret> around
the fuel subassemblies is steel-lined and has a lateral thickness greater
than 120 cm (much thicker than the 30.5 cm ordinary concrece 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 c¢m Behind GCFR Grid-Plate Shield Experiment
Configuration I1.A When the Concrete Mix Replaces That Used in the Original Calculation

Atom densities (b~ leem™})#

Element TSF Concrete Mix #1 Mix #2 Mix #3 Mix #4 Mix #5 Mix 6
H 8.83-3 1.361-2 7.326-13 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 4,185=-2
Ca 1.0-2 8.278-3 B.6B6-6 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 4 1.504<4 1.627-4 1.217=-4 6.9-4
Mg 1.64=)3 5.408-3 5.640-3 4.823-3 4.733-3 1,055-3 1.6-4
Si 3.83-3 2.510-3 2.,617-3 2.682-3 2,264-3 6.0464=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 28,9555 1.684-4 1.702-5 1.974~4 3.1=4
C 7.97-3 1.046-2 1.n01-2 1.093-2 1,059-2 3.818-3 1.0-6
% water 5.53 B.43 4 .87 .18 4,02 5,36 5.02
Pred. % 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,0,
Mix #2 - Composition based on suppliers mix with about half the water retained + 0.5 wt X K,0.
Mix #3 - Composition based on ORNL Analytical Chemistry Division analysis with total normalized to 100%.
Mix #4 - Composition based on ORNL Analytical Chemistry Division analysis w!ig deficlency attributed to water,
Mix #5 - Ordinary (Portland) concrete from the Nuclear Engineering Handbook.

Mix

#6

Ordinary (#4B) concrete as used in GCFR design analysis,

8y
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Fig. 39. Comparison of the Calculated 5-in. Bonner Ball Count Rate
for Several Concrete Mixtures with the Measured Count Rate for an Axial
Traverse Down the Center of GCFR Grid-Plate Shield Experiment Configura-
tion I1.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 subassembiies 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
II1.B with the TSF concrete mixture and with Mixture #1. 7the results showed
that the calculated 5-in. 8onner 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 calculaticnal 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 frel pins drops 20 to 25%. 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 C~nfiguration II.A calculation introduces discrepancies into the
Configuration II.B cclculations.

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 ~ates 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% high2r 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 inedequate 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 resvits
305 cm behind the configuration was to use a different auxiliary code to
compute the detector responses at deteciors large distances behind the
fuel pins. Unlike the DISKTRAN code, which uses a boundary source as in-
put, the FALSTF19 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 extrapoiated 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

Tatle 11. Comrmarison of DOT/FALSTF-Calculated and iHeasured
Responses Behind Configuration II-B

Value
Response Type R (cm) Z (em) Calculated Measured C/E
Ronner ball (counts/min-¥)
2-in. Cd-covered 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 48.1 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
137.16 304.8 3.488 1.95 1.79
3-in. ball e 138.1 369.1 280.0 1.32
5-in. ball 0.0 30.48 9672 8530 1.13
10.16 30.48 9106 8180 1.11
17.78 30.48 7939 7390 1.07
20.48 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 33i.3 294.0 1.13
45.72 304.8 258.9 231.0 1.12
137.16 304.8 202.5 132.0 1.52
6-in. ball 0 138.1 1274 1270 1.00
10~in, ball 0 135.1 555.1 600.0 0.93
Hornyak Button 0.0 30.48 6.78-2% 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
Flux (neutrons/cmi-min-W)
E > 0.9 MeV n,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 DISKTRAN calculations, while the
Hornyak button results remain high due in part to uncertainty in the nor-
nalization of its response function. Except for the 3-in. Bonner ball
count rate, the calculated results on centerline at 138.1 c¢m 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 cr 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 caiculation is analagous to the Monte Carlo caiculation with a
point detector estimator. Like MORSE, some of its results agreed better
with the measured results than did the 90T results.

7.1.6.3 Configurations I1.D, II.E, and 11.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
so'rce is directed onto the pins; hence, the concrete composition snhould
Fave 1ittle additional effect upon calculated responses behind the folilow-
on configuraticns (11.D, I1.E, and I1.F) than it has on responses behind
Configuration II.B. Errors in the concrete composition are believed to
contribute 1ittl2 to the discrepancies seen behind Configuration I1.B;
rather, the space mesh is the controlling factor.

7.2. Configurations 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 aralyzed. Hence
a’l the core/blankzt arrangezments except the one including the control-
rod-channel mock::p were examined. These included two variaticns of the
subassembly-gan spacing from that of Configuration {1.B. 1In Configuration

IT1.A the nunher of fuel pins per subassembly (127) remained the same as
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that of Configuration 11.B, but the subassembly-gap size was reduced to
0.5635 cm. Likewise, in Configuration VI.A the gap size was reduced fur-
ther to 0.318 cm. The three configurations, 11.B, II1.A, and VI.A, thus
cover a range >f 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 arid 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 44.57, respectively.
The GCFR design values have rangad from 63.3° in the low-pressure-drop
design to 52.9% in the high-pressure-drop design. While the vaid frac-
tion range in the experiment is shiftec 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.8,
with adjustments to the ring geometry to account for the rearrangement
of the fuel subassemblies within the core.

The DOT-calculated resulis on axis 30.5 cm behind each of the four
configuraticns (11.B, II1.A, IV.A. and VI.A) are compared with measured
results in Table 12. The Bonner ball count rates agree very well with
the measured ones. The Hornyak button results are high and, as mentioned
before, the disagreement is probably duz to the lack of a properly rormai-
ized response function for the Hornyak button. The C/E ratios seem to
increase with decreasing subassembly-gap width (compare II.8 to II[.A to
Vi.A) and decrease with a decrease in the number of fuel pins per sub-
assemhly (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 cvalculations 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 [1.8 to Configuration II1.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-Calculated and Measured Responses
‘n Axis 30.5 cm Behind Various Configuratiomns
Configuration
Detector II-B III-A IV-A VI-A
Bonner ball (counts/minsW)
2-in. Cd-covered ball
Calculated 8.30+1% 8.48+1 1.17+42 8.43+1
Measured 8.80+1 8.63+1 1.43+2 8.69+1
C/E 0.94 0.98 0.82 0.97
5-in,. ball
Calculated 8.53+3 8.38+3 1.18+4 8.15+3
Measured 8.5343 7.95%3 1.25+4 7.88+3
C/E 1.0 1.05 0.94 1.03
Hornyak button (ergs/g-h-W)
Calculated 4,18-2 4,10-2 5.39-2 3.97-2
Measured 2.99-2 2.55=2 4.75-2 2.34=2
C/E 1.40 1.61 1.35 1.70

*Read: 8.30 x 10!,

Table 13.

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

Configuration

Detector I1-B ITI-A Iv-A VI-A
Bonner ball (counts/mineW)
2-in. Cd-covered ball
Calculated 6.32+0% 6.39+0 8.87+0 6.45+0
Measured 44,3240 3.28+0 7.284+0 3.61+0
C/¥E 1.46 1.95 1.22 1.79
5-in. ball
Calculated 4,65+2 §,96+2 6.68+2 4.91+2
Measured 3.48+42 3.16+2 5.3042 3,03+2
C/E 1.34 1.57 1.26 1.62
Hornyak button (ergs/g-h«W)
Calculated 2.87-3 3.13-3 4.71-3  3.09-3
Measured i.68-3 1.43-3 2,75-3 1.35-3
C/E 1.71 2,19 1.71 2.29
*Read: 6.32 x 100,
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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 11.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 resiilts also show the effect of void fraction within a subassem-
bly on the neutron streaming. Configurations IV.A and II1.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. Configuratior IV.B

The final configuration analyzed was Configuration IV.B, which was
formed by adding the grid-plate shi:1d section to Configuration IV.A.
Configuration IV.A had 91 fuel pinc 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 tuel pins each. The DOT calculation was
performed using a boundary source genc-ated 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 Tow.
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Radia: traverses were made close behind the shields using the
Hornyak button and the 2-in. Cd-cover=d Bonner ball. The calculated
and measured curves for the Hornyak button are plotted in rig. 490 while
those for the 2-in. Cd-covered Bonner ball are plotted in Fig. 41. The
agreement is similar to that seen for Configuration I[I.0. The calculated
Hornyak button results are generally higher than measured, except over
the outer shield where the rarrower void channel in the 2-D mockup of the
shields causecd 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 shieids with various
angles from 0 to 90° from the horizontai. 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
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Fig. 40. Comparison of Calculated and Measured Hornyak Button
Response for a Radial Traverse 2.35 cm Behind GCFR Grid-Plate Shield
Experiment Configuration 1V.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 when 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 11.D (Table 3). The results at 305 cm show slightly better
agreement than before. 1In 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,B

Response
Distance from
Response Type Shield (cm) Calculated “easured C/t
Hornyak button 30.5 1.08-2* 5.40-3 2.00
(ergs/g-h-%) 305 1.99-13 9.58-4% 2.08
Bonner ball (counts/minew)

2-in. Cd-covered ball 30.5 9.37 9.91 0.95
305 2.70 2.14 1.26

5-in. ball 30.5 1730 1520 1.1
305 265 177 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 1ike 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 behird 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 wcre 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 centerline, the peak
fast-neutron exposure to the grid plate in Confiquration 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 reqular fuel subassembly. Speculation was
that the reduction in the fission source in the control subassembly would
uffset the effect of neutron streaming in the cortrol rod channel, leaving
the regular fuel subassembly as the worse 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
rcd 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 wc.1d give a lower fast-
neutron exposure to the grid plate and would thus be nonconservative in
one of the key design limiting criteria. Tne 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 &
design subassembly is flatter radially. The experiment had an inward flux
gradient which drove the ncutrons into the channel. The larger streaming
path enhanced the ability of (1) reutrons from the TSR-II which penetrate
the shadcw 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 reqular fuel subassembly mockup would be preferable.
The control subassembly mockup may be preferable for studies concentrating
on neutron transmission throvgh 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

Calculatiors of axjal neutron streaming in the GCFR core and axial
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 patns 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 efficts of these variations on neutron streaming could be ascertained.

Four different fuel-pin configurations (I1.8, 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 calculations 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 rasults) a difierence
of 28% in the £ > 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 9% for Configuration I1.B (with the higher smeared
fuel density) and about 11% for Configuration IV.A. Such underpredictions
¢f neutron streaming by the homogeneous calculations ordinarily would not



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 30%
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 2t% for Configuration IV.A. The horogene-
ous calculations should thus start to underpredict the neutron transport
through the large penetrations in the grid-plate shields and the grid
plate. Design-cell calculaticns have shown 1ittle difference between re-
sults from heterogeneous and homogeneous calculations when only the pin
geometry portion of the cell is homogenized for the homogeneous caicula-
tion. When the grid-plate shield region and the grid-plate regicn 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 modellirg used in calculations of the GCFR 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 plate
as well as the locatiz . ‘*he point of peak exposure. It has been spec-
ulated by some that i.- _ttom of the grid plate over the center of the
interascembly gap receives a relatively high exposure when compared to
the shieided 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 Configuration I1.D 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 1imiting 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 Timiting 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 [1.D0, it was found that the measurement showed a peak-to-minimum
fast-neutron exposure ratio of 1.5, com.ared 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 caicu-
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
1.15 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 I1.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 case:, calculation and measurement alike, the peak
fast-neutron exposure occurred tehind 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, quadrature rather than the 150-angle quadrature, placed the peak
exposure at the bottom of the grid plate tut in the portion of the grid
plate nearest the hole in the grid-plate shield. Design calculations with
smaller interassembly-gap sizes have snown a similar trend where the rel-
atively low-order S;, 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 benind the gap
which is 1.13 times that given by the S;4 quadrature. On the other hand,
since the peak exposure for the S;, 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, 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 thc effect of inter-
assembly-gap size on the peak fast-neutron exposure to the grid plate.
Configurations I1.D, III.B, and VI.B all contained subassemblies bearing
127 pins per sutassembly 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 VI.B, 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.3, and VI.B were in the ratio of
1.55:1.15:1.0. Using the results from Configuration VI.B as the base re-
sults, a parametric equation was derived for computing the ratio of results
for other cap sizes to that for the 0.3175-cm gap size (Configuration
VI.B). The equation for the ratio is given by

r = 0.8833 + 0.3150d + 0.1653d?

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-minimun exposure ratio for Configuration IV.8 with a 1.27-cm
interassembly-gap width and 21 fuel pins per subassembly was 1.4, slichtly
Tower than that for Configuration I1.D which also had an interassembly-
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.C was 1.6 times that for Configu-
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ra*ion I1.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-neutror exposure to
the grid plate increases in a nonlinear fashion as the gar width increases.
In a Tike manner, the localized flux peaking also becomzs worse as the

gap width increases. However, the measurements were taken without a grid
plate behind the shields. C(2alculations 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 interassembly-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 radiatl
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 scurce 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 throush the grid plate of
the experiment (Configuration II1.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 substantii-
ally higher than measured until the traverse was a short distance radially
beyond the outer gric-plate penetrations; then the calculated and measure.i
results nearly coincided (Fig. 32). At 305 cm (Fig. 35) the calculation
overpredicted the measured results by a nearly constant factor of 2 cver
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 angula: fluxes in the most
forward directions (n > 0.9) are too high. The results also imply that
design calculations using the same biased quadrature used in the experi-
ment analysis would give a very conservative estimate of th2 neutron
transmission through the grid plate, which would in turr give rise to a
conservative source for the GCFR upper plenum. However, design calcula-
tions in the past have used a lower-order quadratuie for neutron transport
calculations in the GCFR. In particular most ceil calculations have been
performed with S;, quadrature (70 angles) and full mockup calculations
have been performed with an Sg; (30 angles) or S;; quadrature. These have
35 and 15 angles, respectively, in the forward direction compared to 1i5
in the biased quadrature set used in the experiment analysis. In the for-
ward direction, the biased set is basically an S;, quadrature set with
additional n-levels added in the most forward n-level of the S;, set.

The above being the case, one cculd 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 calcilation 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;, 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;, quadrature. Elsewhere, at the bottom of the grid
plate and in the grid plate webbing (top and bottom), the S;, results were
comparable to and slightly higher than the biased quadrature results.
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Since the biased quadrature results were higher than the S;, results by
the same factcrs by which the calculation cverpredicted the measurement,
it was felt that the S, ouadrature 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;, calculation of the experiment
Configuration II.F chow2d that quadrature to be quite inadequate for
calculating the experiment. The ratios of the biased-quadrature-calculated
E>1.0MeV, E > 0.7 MeV, and total neutron fluxes at the top center of
the grid-platc penetration to the respective S)g-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 S;j-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 7aor the design
calculation.

At 365 cm the S,, auadrature underpredicted Bonner ball count rates
on the centerline by factors of 35 to 85. The agreement tetween 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 calcvlations using the S;; 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-rprediction of the experi-
ment calculation. Secondly, the neutron reflections from the upper shields
and the PCRV surrounding the plenum creates a3 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;, quad-
rature, design calculations which have used an S, quadrature in the past
may have underestimated the E > 1.0 MeV neutrnn 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-
c¢ient margin that such uncertainties can be accomodated with the present
shield design.

9.0 SUMMARY

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 11% 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 287 was noted in the Hornyak button response,
indicating about a 28% difference in the E > 1.0 MeV neutron flux. The
difference of 87 in the Bonner ball count rates (versus 5% for the calcu-
lation) .eans abou* an 8- difference in the total flux. Hence, varying
the ga size between 0.3175 and 1.27 c¢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
187 cifference 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-
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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;,; 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 str-caming 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.



i
.

10.

11.

12.

13.

~d
(=)

REFERCNCES

General Atomic Company Project Staff, “300 MW(e) Gas-Cooled Fast
Breeder Reactor Demonstration Plant,” GA-A-13045, General Atomic
Company (1674).

R. G. Perkins and R. J. Cerbone, "Physics Design of the 300-MW(e)
Gas-Cooled Fast Breeder Reactor Demonstration Plant Grid Plate
Shielding," General Atomic Company Report GA-A 14124 (September
1976).

F. J. Muckenthaler, J. L. Hull, ard J. J. Manning, "The GCFR Grid
Plate Shield Design Confirmation Experimert," ORNL/TM-6580 (January
1979).

R. E. Maerker, private communication (December 1978).

H. Goldstein, Fundamental Aspects of Reactor Shiclding, Addison-
Wesley Publishing Company, Inc., Readinag, Mass., 1959.

R. E. Maerker and F. J. Muckenthaler, "The Absolute Neutron Spectrum
Emerging Through the Large Beam Collimator from the TSR-II Reactor
at the Tower Shielding Facility,"” ORNL/TM-5183 (January 1976).

W. A. Rhoades and F. R. Mynatt, "The DOT-III Two-Dimensional Dis-
crete Ordinates Transport Code," ORNL/TM-4280 (September 1973).

M. L. Gritzner, W. W. Engle, Jr., W. A. Rhoades, D. R. Vondy, and

L. R. Williams, "FACT: A Computer Code to Process the Neutron and
Gamma Angular Flux and Fold Regular and Adjoint Results on a Coup-
1ing Surface for Response Analysis," draft report.

W. A. Rhoades, D. B. Simpson, R. L. Childs, and W. W. Engle, Jr.,
"The DOT-IV Two-Dimensional Discrete Ordinates Transport Code with
Space-Dependent Mesh and Quadrature,” ORNL/TM-6529 (January 1979).

M. B. Emmett, "The MORSE Monte Carlo Radiation Transport Code Sys-
tem," ORNL-4972 (February 1975).

DISKTRAN is a code written by C. 0. Slater. It uses the angular
fluxes from the DOT scalar flux and moments data set to calcuvlate
responses at detectors within a void. Only disk sources are
allowed. See Appendix C.

M. L. Williams and W. W. Engle, Jr., "The Concept of Spatial Channel
Theo;y Applied to Reactor Shielding Analysis,” OKNL/TM-5467 (July
1976} .

R. L. Childs, "VIP, A Computer Program Using Two-Dimensional Discrete
Ordinates Transport Calculations for Cross-Section Sensitivity Anal-
ysis," UCCND-CSD-1 (to be published).



14.

15.

16.

17.

18.

19.

71

C. R. Weisbin, E. M. Oblow, J. H. Marable, k. W. Peelle, and J. L.
Lucius, "“Applications of Sensitivity and Uncertainty Methodology to
Fast Reactor Integral Experiment Analysis," iucl. Sci. Eng., 66,
307-333 (1978).

R. L. Childs and J. V. Pace, III, "DOT IV Great UNCL Input"” in DJS:
The Discrete Ordinates System, by W. A. Rhoades and D. B. Simpson
(Draft Report).

D. T. Ingersoll, “FOrM: Perspective Plotting Code for One- and Two-
Dimensional Fluxes," ORNL/TM-6396 (May 1978).

H. Etherington, Editor, Nuclear Zugineering Handbook, McGraw Hill
Book Company, New York, 1958.

T. V. Blosser et al., "A Study of the Nuclear and Physical Proper-
ties of the ORNL Graphite Reactor Shield,” ORNL-2195 (August 1958).

R. L. Childs, "FALSTF User's Manual,” draft report.






Appendix A

THE EXPERIMENTAL PROGRAM PLAN
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GCFR GRID PLATE SHIELD DESIGN EXPERIMENT (FY-78)

(DATA PLAN)

Reactor Source Comparison.

A,

10.16—cm Fe + 2.54-cm Boral.

1.

3-, 6-, and 10-in.-diam Bonner balls on centerline at

30.5 cm behind Boral.

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 suadow shield using the
a) Bare, Cd-covered, and 5-in.-diam Bonner balls.

b) Hornyak button (1.27 cm).

Hevizontal 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).

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) Hornvak button (1.27 cm).

3-, 6-, and 10-in.~diam Bonner balls on centerline at

370 cm beyond shadecw shield.

Fuel pin-coucrete shield with seven subassemblies of fuel

pins (127 pins each).
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Horizontal traverse perpendicular to bheam centerline
(121.9 cm each side) directly behind the fuel pins
using the

a) Hornyak button (0.635 cm).

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 S-in.-diam Bonner balls.

b) Hornyak button (1.27 cm).

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 S-in.-diam Bonner balls.

b) Hornyak button (1.27 cm).

NE213 neutron spectrum measurement on centerline as

close to the fuel pin subassemblies as feasible.

Hydrogen counter (1D) neutron Spectrum measurements

on centerline at same location as NE213.

Centerline measurements at same location as NE213
using the

a) 3-, 6-, and 10-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 te beam centerline
(121.9 cm each side) directly behind the boron sub-
assemblies using the
a) Cd-covered Bonner ball.

b) Hornvak button (0.0635 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 6l-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 bails.

Fuel pin-concrete shield with szven subassemblies of fuel pins
7127 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 cvlindrical

4
inserts).

b) 5-in.-diam Bonner ball (with and without 84C
cylindrical inserts).

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

Horizoncal 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).

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

NE213 neutron spectrum measurements on centerline as

close to the grid plate as feasible.

Hydrogen counter (1D) neutron spectrum measurements on

centerline at same location as NE213.

Centerline measurements at 305 cm behind grid plate
using the
a) 3-, 6-, 8-, and 10-in.-diam Bonner balls.

II:. Fuel pin-concrete chield assembly (0.635 cm void, 889 pins)
(Priority 1B).

A.

Fuel pin-concrete 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) Hornyaxk button (0.635 cm).

Centerline measurements at 30.5 cm beyond fuel pin

subassemblies using the



a) Cd-covered and 5-in.-diam Bonner ball:.

b) Hornyak button (1.27 cm).

3. Centerline measurements at 305 cm bevond 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 (0.625 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 6l-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 using the

a) Cd-covered and 5-in.-diam Bonner balls.
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IV. 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. 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).

B. Fuel pin-concrete shield with seven subassemblies of fuel
pins (91 pins each) plus grid plate shieid 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-
zssemblies 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 6l-cm Fe. Surround

Fe and void with concrete.
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1. tiorizontal traverse 152.4 cm in the void perpendicular
to beam centerline directly behind the boron sub-
assemblies using the

a) Cd-covered and 5-in.-diam Bonner balls.

V. 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 bevond 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 butten (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) Hornyzk button (0.635 cm).
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Cenzerline measurements st 3(6.5 cwm bevond the bnron
subassemblies using the
a) Cd-covered and 5-in.-diam Bomrer balls.

b) Hornyak button (1.27 cm).

Centerline measurements at 3C5 cm bevond the boron
subassemblies using the
a) Cd-covered and £-in.-diam Bouner balls.

b) Horayak button (1.27 cm).

Axial traverse through the grid plate shieid from the
fuel pin assembly to 30.5 cm beyond grid plate shield
using the

a) Cd-covered Bonner ball.

b) Horayak button (i.27 cm).

VI. Fuel pin-concrete shield assembly (0.318-cm voic, 889 pins)

(Prioriry 3)

A.

Fuel pin-cconcrete shield with seven subassemblies of fuel

pins (127 pins each).

1.

Cencerline measurements at 30.5 cm beyond fuel pin
subassemblies using the
a) Cd-cuvered and 5-in.-dfam Bonmner balls.

b} Hornyak button (1.27 cm).

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).

Horizontal traverse perpendicular to beam centerline
(121.¢ cm each side) directly behind the fuel pin
suhassemblies using the

a) Hernyak button (0.635 cm).

Fi.el pin-concrete shield with seven sfubassemblies of fuel

pins (127 pins cach) plus grid plate shield mockup with

seven boron subassemblies.



VII. Fuel

A.

83

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).

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

b) Hornyak uatton (1.27 cm).

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).

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

Traverse along beam centerline from zero to 152.4 cm beyond

Fe pins using

1)
2)

Cd-covered and S5-in.-diam Bonner balls.

Hormyak button (1.27 cm).

Horizontal traverse perpendicular to beam centerline (91.5 cm -

each side) directly behind Fe pins using

1)
2)

Cd-covered Bonner ball.

Hornyak button (1.27 cm).

Horizontal traverse perpendicular to beam centerline (91.5 cm

each side) at 30.5 cm behind Fe pins using

1)
2)

Cd-covered and 5-in.-diam Bonner balls.

Hornyak button (1.27 cm).

Horizontal traverse perpendicular to beam centerline (91.5 cm

each side) at 30° cm behind Fe pins using

1)
2)

Cd-covered and 5~in.-diam Bonner balls.

Hornyak button (1.27 cm).



VITII. Fuel pin-concrete shield with Fe-plate assembly.

A.

Traverse along beam centerlire from zero to 152.4 cm

Fe plates using the

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

Horizontal traverse perpendicular to beam centerline

each side) directly behind Fe plates using the

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

Horizontal traverse perpendicular to beam centerline

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).

Horizontal traverse perpendicular to beam centerline

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).

bevond

(91.5 cm

(91.5 cm

(91.5 cm
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SPECIAL COMPUTER CODES
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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 boundarv source) to calculate
responses at detectors within a void. The angular flux in a localized qua-
drature is computed at the detector positicn 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. Llinear and exponential variation with radius are options.

DISKTRAN Input

R-Z Problem top and bottom boundary angular fluxes (all directions) are in-

put an 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
INTRPP 0/1/2

constant/linear/exponential angular flux in u

constant/iinear/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 O0/1 = print responses by group and detector/print responses hy
detector

2% [one entry]

ZSOR Z location of boundary source
T Block termination.
3% MU's [MM entries]
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4% ETA's [MNH entries]

5% WEIGHTS [MM entries]

8* Radii for boundary source [IM+l entries]

9% Radii for detectors [ND entries]

10* Heights for detectors [(ND entries]

11* Scale factors by response function [NRESP entries]
12* Response functions by group [IGM* NRESP entries)

13$ Triggers to punch responses [NU entries]

T Block Terminator

A listing follows except for some input and output subroutines which

are obtained from a local library at execution time.
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21.8 € Jun 74 ) NS/7380 FNATRAN W

CCWPILER CPYIONS — NRRFx WAIN,"PT=02,L INCCNT=40,512€E=0000%,
SOURCE, EACOIC, MUY, NIDECK . LNAD , RAP, NOFN I T, [ D, WVXREF
3002 COMON OLIDeLINY LELT U, LETRALUYS L OMIA LOUT LELAD . LINET,LLINET,
1 LSCOLELNRESP,LTPUN,LONT, LNPHT, LNCO, LPOL ,LFOET,LDOS, LYW, LAST,
2 TCNT o NGAR TTER NP, L ENGT M, 6N, [0, W, NDNRESP NN, INTOP A, [NTRPP,
3 INTRPR NAZL,NPRL, 1STAT, 25N
& JUMY (1000003, X

00013 DIENS ION 1D(1)

0004 EQUIVALENCE (DELY,T1DL1DD

0005 LENGTH={(LICIXIL0C(OL1000 /4

0006 UNG=LENGTH

cnoY or 10 sk, LNG

frr et 1S Dilss0.¢

000S LENGTH=LNG

0010 LIKT=28

ao11 LFLT=40

0012 LoU=s]

0013 CALL FIOAS{D,0e0,2433:.5.60

001e 1CP=IGwe]

a01s% LETAsL  Bysum

001¢ LuTSe ETAowy

001~ LPRAsuTSemm

v0are LTRT-LTRTAr RN

o019 LRA0=L PuT o N

0029 LEDET=LRADe I we}

0021 LINET=LODEToND

0022 LSCALE=LZ0EYeND

0023 LRESO=L SCALFoNRFSP

0024 LIPUNE L RFSPe JCueRESY

0025 1CNUsNDSNRES P

002¢ IFLISTAT.GY . 0 ICNsNRFSP

ooz2n LPHI oL IPUNe IO

0029 TALL FINASIN,DD42,J3.5,6)

0030 [SNTRP=INTROP A INTRPP

0031 LNPHIs [ PHl o JoMy

0032 LW EPx L NPH] o MY

c03) LPCLL NP omn

0034 CALL QUADIDILMUY (O(LETAN L I(LWTSE JN(LOWTY ,DELNPHT I, NLNC# ),
1 2 _POL I, MM NP,TSNTIP )

0035 0C 30 I=1,w®

0038 TOMLPHToMNe I -1 )=ID{LNPHIOT-])

0037 TOLPHT ouMeNPT - )= NILNCHPOT~1}

0032 DILPHTomIs 20NP [ -1 )P (LPOLeI-1)

0039 30 CCNTINUF

0040 LNPHI=LPH] o

0Us1 LNCHP=L NPH] o NP

111 ¥d LU NC AP oG

0043 LFOET=L PLenP

0044 LOrS=LFDETY

0045 IF(ISTAT.GT.OMLONSsLFOEToNDONRESPD

0047 LEAF2L0QS+ NN IGPONRES P

0048 ICNTsAMelY

0049 NGUX = {LENGTH-LANF )/ TCNT

0030 LASTSLXNFsNGMX® T CNTY

0051 1TER=(IGRINCX~] } /NGRX

0052 WRITECH 40D TGN, TN NN, ND,NRESP, NN, TNTRPA, [NTRVY, INTROR ,NAZL ,"PRL,

1 [STAY NP, ITES , HGAX,LENGTH,LAST, ZSOR
0053 40 FCRNAT(THI IGM, 17771 M 1T/ 1 ", 1T/m™ 0,177/
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1 TH NRESPIT/MM W (T/70 INTRPA, [T/ TH INTEPP, 1T/ TH [4TROR, 1T/
2 ™™ NAZL,ET/T™ NPRLLTT/TH ISTAT,I7/TH N LT/ 1IER, 17/
3™ NGRX, 17/ LENGTH,17/T% ULASY, 1777108 ISM,IPELIS.S

& 2/ Y1)

1% 0054 WRiTELS,50!?

SN 0045 SO FORMAT [ 1M] 44X 2 (4K, " ALPHA o 4X I/ 12X, " MU° 10K, “ETA " OXN, . *ulE IGGHT",
I TEe*ANGLES® o TX, *MEIGHT ®, TX, "RADI 1%, X, *ROET*,9X, "ZNET* /)

159 C0O0Se CALL MOTA14.5,6:7+8,9.10,11,6-0,0)

1% 0057 NRITVE(D,6))

Sy 0058 60 FORMAY(IM] (OX,“SCALE® (9K, *NPHT*, 9N, *NCHP? X, *PHL*,LOX, *PNL /)

1Sy 0059 CALL WOTBI12:.16,17,15,18,000,0,6+0,D)

ISN 0060 uPITE(6,.72)

tsy 0061 TC FCRMAV{*IRESPONSE FUNCTIONS aY GRMP /7y

1SN 0062 CALL WOTINILRESPDINRFSP,IGY, 1, GRP, %, "RESP*, 08

1S% 0063 0 =0

1SN 0064 IFIISYAT GV, 0)nn=]

1SN 0068 WRITF (5,808

1SV 0067 80 FOPMAY{CISIGNALS TN PUNCH FESPNINSE DR SPFCTRUN/ /)

ISN 0048 CALL TNATIDILTIPUND N, NRESP, |, °0CSP?, *LET,.*,0)

1SN 0069 TF(JI T 00CALL EXTY

ISN 0071 CALL CALDNSIDILPHIAY , D(LPUTI DILRAD),DILRNETIDILINF TI,TLSTALF),

1 O(LRESP) ,O(LPHE N, DILPHE ), DILHCHPI, NILPILI . LDNSI LO(LXNF T
2 DILYUD ,DILETAI,00LUTS) ,NDILTPUN),DILFUET ), IGP)

1S% 0972 WRITE(6.53)
15 J8TS 30 FRARRATIimA T
1S4 0074 svor

1SN 007 En0
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0S/3%0 FIITRAN W

CONMPLLER COTIONS - NANE= RAIN,OPT=02,L INECNT*60,512E=0000K,

0002
0003
0004
0003
0006
0007
o008
0009
0010
0011
0013
[ ] B
0015
0016
oar?
ooLre
0020
002!
0022
0923
0024
0025
0026
0027
0928
0029
0030
0031
0032
0023
0034
0038
0037
Q038
0039
0061
0042
0043
0044
0045
0046
0047
0048
0049
0080
0051
0052
00354
0056
0087
0058
00%9
0060
0061
0062
0063
0064
0ces
cose
aoe?
0068
0069
0070
0078

20

30

50

60

7Q

90

100
120

SOMCELESCOLC N (ST, NCOECK L QLD MR P, NOSDT T, 10,NDXREF
SUBROUTINE QUADIMU,ETA,WTS ,PHI, NPHI,NCUP ,POL, NN, 4P, TSNTEP)
CINENSION MU JETAIUD ,WYSELII,®HILL) , NOMILLD, " _4P( 1), POLIY)
*EaL Wy
REAL®S SUW, SUMW, SUNTY
DAYA P1/3.1415927/

NP ~0

SUNT=0,.0

0C S0 w=i,Mm
SUNT=SUnT o uT S {9}
IF{uTS{M  N¢.0.0060 TD O
NP=NPe )
OPCLINP)ETAL(N)
SWsAAS{wmINY )
PHl{n)=-P]

NPMI(NP=]

1F(NP,EQ. 1350 TN 20
NCBP(NPYeNLHPINP--LL eXPHI( NP~}
~ONTINUF

60 v1 S0

CrNY | NUE

NPHT (NP aNPMT (NP )}
CSk=MU{w)/Su

PHI (8] =-ARCOS {7 SND
CONTINUE

=1

Ti=fe]l

PAIN=POLIL)

K=f

OC 70 J=1i,.NP

P =PaLL )
IF{PN0u,.GE . PHIMICS T~ 70
K=)

PR N2 PNIN

CONT INUE

IF{R.EC.TDGN Y1 40
PRCH=PNL(T)

POLIT V=PRI
PLLIK ) =PNOW
MTI=NPHRI(L}

NPT (L) =NPHL (K)
NPHI (K =]
ACP=NCaPil)
NCEP( [ )=NCHP(K)
NCRP(R ) =NCH

CANT INUE

I=1el

IFLL.LT.N®IGO 70 60
IF(ISNTRP . GE. 21PETURN
Sya=9,0

0C 120 [Pe]l NP
NNaNPHILIP)

g My - |

AT BP( ] P)

SUw=0,0

OC 90 N=2,mMn
SURNRSUSsWT S (Nl NY
SuRRs SUNYs SUN
POL(IP)=~],002.00SUNR/SUNTY
00 100 W=2 e
PULINNON) s PHT (NNNON~1 § P [oUTSINNNIND /SUN
PHI(NNNINN) =0 .0
CORTINUE

RETURN

€no
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21.8 ( JUN Ts ) NS/7360 FIRTRAN M
CCOPILER CPTIONS - NAREs MAIN,IPT=02,LINFCNT=80,S17522000K,
SOURCE ,EBCDIC, MO IST,WIOECK,LOAD, MAP, N EODT T, 1D, NDXR EF

0302 SUBRNUTINE CALONS (FMIA, PUT RM),RDET, ICET ,SCME,RESP, PHI NPT,
1 NCAP ,POL ,ONS  XNF , MU, ETA,MTS, IPUN,FDET, [GP)

0003 COMMON DIL) L INY LFULT, LU, LETA,LUTS,LPHIA, LPNT, LRAN, LRDET,LIDET,
1 LSCALERESP LIPUNLPMEI LNPRT  LNCEP, L PN LFOET,LONS, LXK, LAST,
2 ICNT  NGAK, ITER, MNP, LENGTH, IGN, [0, 90,40, NRES P, oM, INTPPA, INTRPP,
3 INTRPR ,NATL ., NPRY , [STAY , ISNIN

0004 GIPENSION PHIACL)  PUT (L) ,PACELP , ROSTY(LD  ZDETLLD ,SCALECI I ,PHIL LD,
L RESPUIGT, LA NPHICL I, NCWLI.PYIII,DISEIGP ,RESP,1 T XVFLWN, 10, 1)

000% OISENSEW Ml FTACL) ,WYSED, FOETIRD ,TPUNI L)

0006 SEAL W

0007 DAYA PI/3.1415927%/

0008 PEMIYO 1

0009 ISNTEPaINTRP A [NVOOP

0010 caL=1

0011 IFLISNTRP GF.2) 1 CALL=?

o013 RNAX=RAD( IWe]:

0ol4 01 1000 KD=1,MD

201% 0C 100C Wa=1 ,N®FSP

001l or 1000 (h=1,1GP

0017 1000 0CSE1G, " XD} =3.8

oolL8 10:0=0

0019 0C 100 1T=1,1T7F0

0020 1CA=[DRe)

0021 IrBan{ND(INAsNwR-] , 1CW)

0022 NGP=INRel-1NA

0323 OC L00S 1G=1,%G:#

0024 PEADILISUIINFEN, T,15),%x] M%), 1], IM}

002% 1005 CONTINUEF

0026 2C 90 xN=1,%0

0027 RO=92E TIXOS

0028 I0=10Z 7{xN)

0029 ONET=SQRT (RO*®24 ( ID-15NW I8 2)

0030 CX=R0/00¢ ¥

0031 Cl=(ID-2S"MP/NOEY

0032 OC=SQRY ((WN-ANAX I*e 2+ (70151010 2)

0033 ETLO=( (FD-AMAX IO RO (ZD-ZSNR 007}/ (DCSDOET)

0034 APLL=NPRLSNAZL

0035 TFINAIL.LE.OINPLL=NPR s (NPRLS])

0037 WTE=(1.0-ETLNI/(2.08NPLLD

0038 WATE=MTF

0039 OLEY={1.0~-ETLN}/NPRL

0040 TFENAZL.LE.OPDUFT=(1.0-FTLI/NPLL

00s?2 RENARIKL (R0, AMAX)

0043 DWR=SORT { (RD—-RANISe 2o IN-]SIP )08 2)

0044 £T1=(2D0~-2SORY /DN

0045 DAX=SQORT{ (RDFPRNAX)e02+({ Z0-ISOR) e 2)

0946 EY22(20-25N)/0%xX

0067 ETONARNINLIETL,FT2)

0048 ETYMX=sAMARI{ET]L,ET2)

0049 0C 1010 JPAr2,%0

00%0 IFIETANLLE.LLTIIPAY GO TN 1020

0082 1010 {ONTINUE

00%3 JPA=NP

00%4 1020 CONTINUE

00%% 00 1030 JPB=JPa, NP

0056 TE(FTAX.LE.POLIJIPBIIGO YO 1040

0038 1030 CONTINUE

0039 JrB=Np

0060 1040 CONTINUF

g6l 00 60 tPLsI NPRL

0062 WTEsWATE

0063 UZsETLO*(1PL~-0.3000LET

0064 IFINAIL.CT.006N TO S

0066 UZI=1.0-7PLOG2OOLFY

0087 S CONTINUE

0068 SUl=SORT(1.0-UZ®e2)

0069 Aulsnale

~070 IFINAZL.LE.OINNZ= 29 1 PL

0072 IFIRD,67,0.00G67 79 6

007s LLTL]]

007% MTE=2,001PLOWATE

0076 6 CNNTINUE

0077 LYYEIAYA 1

0078 N0 70 TAlwl,NNZ

0079 Al=(TAZ-0.5)00DAL

0000 UX=SUZeCnNS(al)

ooel ETe-CXOUKSC oYL

ooe? 002(20-2SNR)/EY

0048? tE(00.LT.0.00G60 TN TO

0083 ANC2oUXeCXOUL
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0129
o130
o131
o132
0133
o134
0135
o13s
0137
o138
o139
o140
o141
o142
o143
0144
o143
0146
o147
0149
o150
o151
ots?
0153
0154
0155
o156
o1ss
0159
0140
otel
ore?
o143
0164
o165
ote6
o187
ol¢s
ote9
0170
oin
o1
01174
0175
o176
o0

10
15
20

25
30

40

45

53
55
50

60
70
%0
%
100

10%

110

115
129

130

180
150

160

m

SU*SQRY(1,.0-€ETee2)

DI =Suee2-2yss?

IFIDISC.LT 0.0IR(SCx),.)
Cwv=$QRTIDISC)

X220-D0eANy

Ye-poenwy

BaSORT(R002sY0e2)

IF{® . GY . ANAX)IGD TO 80
DO3=SORY((RO-X)seZeYe02)
DATs((KD-L)eX~-YV R/ (0NN}
TF{a8SIONT) 6T, 1.0060 TN 7
PH=—-ARCCS{ON=)

GC ™ 8

CCRY I WE
PH=0.5¢(-1.00¢SIGN(L1.0,DTD)eP]
CONY I "WUE

00 10 (P=JPa, JP8
IFIETLE.POREIPIIG TN |15
conT I NUE

P99

CONT tNUE

GO TO (20,250 1CALL

Catl CONFLRIPOL NPHE  NCRP, 1P, XU, W%, [9,PH,PNI)
ca ™n 30

CALL VARFLX({POL NPHI NCWP, [P, XW , 00, [4,PN,PHT)
CONY {mUs

OC 40 1=2,1n
KNB=0,SIRADCTIoRAD(T+1 0}
IF(R.LE.ARBIGO TN &5

CONT TRUE

i=in

CONT I NUE

MRa=0, 5S¢ {ADC -1 DeRAD(T D)
PR2IR-RAAD/ARD-ARA)

DO 60 1G=10A, 108

1I1G=I1Ge~-1NA

GO TN 153,558 1CALL

CALL CONFLLIFLZ,T1G,I,PP)

GO Y0 S8

CALL VARFLLIFLY,IIG.I,PR)

CORT 106

Tam=F2outE

DOSLIGe 1, KDI=ONSIIG.1,KN} e TR
CORNTINUE

CONT{NUE

CONT [ NUE

CONTINUE

CCNY [ nUE

NC 108 KD=1,N0

0oC 108 (G>1,1G%

nC 195 M=l ,NRESP

KR =RE $ P } -NR

O0SIIG KR, KD)2D0STIT1G, 1, KOIPRESP ([C, AR 1OSCALE(KR)
NCSIIGP KR ,KD) s00S{ 1P, KR, KOD2DNSIT, X9, KD}
CGNYINUF

CONT I BUE

IFIISTAT,GT7.0060 TN 130

0Q 120 XO=1,ND
WRITE(H.L110IKO,RDET EXDD, ZDETIRN)
FOMWAT(10CTECTOR® , 15,5X, "RANDIUS=?, 1PELS. Se SN ' HEIGMT22,IPELS,. %7 /)
fONS=L00S ¢ (XD-L) SR ES PO (GP

CALL WITINIID0S) N ESS, [GP, 1, °GRP .7, RESPT, 01
Ne 115 KR=l NRESP

LL=(RD-1) ONRESPeRR
[EEIPUNILLI,.LE.ONGY T 115

CALL FFPUNIONS(1.KP, D), 16,10
CONT I NUE

. ONTY {RUE

RE TURN

CONYINUF

0C 140 KD=1,ND

00 140 NP=],NRESP

Lo {NV-] )oN0D*XD
FOFTILI=DNSIIGP MR, KD)

WRITE(S 1500

FORMAT(*ITOTAL RESPONSES BY DETECTOR PNSTITION AND RESPANSE?//)
CALL WOTLFOET ,MRESP,ND, 1, "DET,*, *PESP?,0)
DO 160 M=) ,NRESP
1FC1PUNINR) . LF,.0)GO TN A0

L= (NR-1)8NDe}

CALL FFPUNIEDETILI NN, NV)
CONTYINUF

RETURN

END



LEVFL

1%

CEVFL

[AY]
TN
s
(8]
[BL]
1<
(ALY
LA
(R3]
LAY
[AY]
1A
[
[AY]
| A3
tey
1en
1y
rey

21.5

20>?
ne:s
0N 4
n~gIS
o0de
o7
M3
G913
12
ontl
3314

. O3S

018
[t S A R4
913
2923
312!
322
123
Q)28
092s
on2ry
0223
3029
o
9N
0032
0033
00 3+
033%
LR
0037
HRL}
2339

v 228D

3361
(2L ¥
5043
2744
N74%
Fle L 1J
367
3342
00549
20590
0351
0052

)

2nG2
3991
jede IrLY
cdcs
CIACE
cner
(o 1]
01
ot 2
o012
[ R
cNle
s
e
[ )
013
(a8 )
coze
Db ra|

T JUs Is )

112

157380 FIMTINAN 4

CrupfLer GPTIMS - NAMEa RA[Y,0PT=02,L INECNT=60, S [7E=3000%,

23

25

3

3s

€ Jus Te )

revpyLES P

3=

STURCE,EBLIIC,NCLIST NWECK,. L IAN , MAP NTEDET, [T, MIXREF
SUARNUTINE (POL, YPHT . NCW, JP, ANF, TR, (9, 04, 04! ,FT)
Crmerw NUMEIY), [NTRPA,.INTAPP, IYTROR
DIMENSION PILILD N1 1), NCHP() ), XWF (W9, [W, L},PHI{ L)
LOGICAL TSN
19:%AX04JP,2)

TSumSICRIL. )P LIPIR.NE, STGMIL. 0,2 {1913}
IFITSN. AN EV LE .0.0)IPx(P-]
TF(TSN . AND.FT .G .9, ))(P=[Pe]
ILi=NCwPiir-1)

{L2=NCwP{ (P}

R 1=NPI(IP-1)

A2=%F «{( [P}

27 20 T1l1=3.%11

(FIPH LE.PHI(ILLeIZLIIGC T 26
ONY {)F

121=%i

CMTINE

0N 30 223,822
IFIPHLEPHICIL20[2200G) TN 35
Cany Twys

122=N12

CONT INUF
PE{ET-POLLEP-1DY/{POLITID)-OM{[P-1))
TIx=0L1eli )
PLI2IB-PHILIIA-I MV /IPHI I XD-2414]2X-1))
Y2¥=102+122
PL2a{PH-PNILLIY-1D)/7EPRILIIYI-PHIIIIY-1))
Qg TRY

ENTRY VARFLIIFLZ, 1L, [,0n)

I=t-1

X =XNE(T2X-1,],"15)

PX2=ANF (TR, I,115)

AAI= XN (E2X-1,1,015)
PXAXNF{1IR,T1,11G)
QAVI=XNFLILY-1,),11%)

RY2=XNF (12¥,0,11G)
PYI=ANFLI2Y-1,1,11G)
RV&=XNELL2Y,1,116)

CALL NTERP(AX] ,PX3,2XH,PO,|NTRDR)
CALL NTERD(PYX2,0x4,&X0,PR, INTRO)
CALL NTFRP{PRS,AXA, FLX,PZ],INTOPA}
CALL NTEPPIRY],AVI,AYS, PR, INTEOR)
CAL.. RUFAP(AY2 ,PV4,0VA,PR, [NTROP)
CALL NTERPIRNYS ,AVe,FLY,RPI2,INTAPA)
CALL NTERPIFLXFLY FLLWPE, INTROP)
QETURN

En0

87380 FORTRAN W

TITNS - NAME= MAIN,CPT:2)2,1 INCCNT240,S17F: 3300,
STMPCE,5 AL N LIST,NINFOR L VAN WA R RAEN Y, [0, W]IIREF

SLAAPYTINF (@7, . NCHP, [P, XNF, oM, [9 PH,PHT}

CCwYNy UM )I3) INTIPALENTLOP, NI

CIYENSTEON P M) (NPT (L), NCMPLT ), XNF (o, %, §),PHI(T)

L2z ™00 1P)

RIPzNPl([P)

CC A VI2=2,M02

IFIPH LE,PR(IL2e[12)0)77 7Y )5

CrATINIE

122s82

CONTINFE

[Iv=1L22112

o iAN

FATOY CKF [ (FE 7,110, 1,PR)

Jri-1

OxIxANFITLIY, I 1000

RX2:XME(TIY, 1,11G)

CALL NTFOP{AX],PX2,FLL,PR, I%TRPA)

of TijAN

[ %]
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LEVEL 21.8 ¢ JUN 74 ) nNS/733 FORTRAN N

CCRPILER CPTIONS — NARE= FAIN,2PT=02,L INECNT60,51 2E=0000K,
SWRCE,EBCOTC, WOL IST,90ECK, L 34D, P, NOED T T, (O, NNXREF

18 0002 SUSRIITINE NTEPP(F]L,F2,F),.P, [yTae)
ISy 0003 G1 TN (18,200 ,.INTRe
TS% 0004 10 F3x(]1.0-PIeFlePeF?
1S9 000% RETURA
1Sy 000& 20 CONTIwUE
1<n 0007 ISCA=ISICRIL. Q. FLVe3,.20/2.0
1Sq 0008 158=(SIGNCE1.0,F2)03.20/2.9
{<q 000% TFLISCA £Q.1SCAIGO T~ 50
1w 0011 GC 16 (30,403,156
fSw 9012 30 F1=0.019%2
1Ss 00113 GC 10 S0
1<y 001& 40 F220.019¢)
IS 001% 50 CONYIWUF
1 v 00ls MCRALTGI{F2/F | )P
¢ 0017 FI=F 1 SEXS { MRG)
1% 0919 reYyan
1% 0019 (2 5]
LEVEL 21.8 ¢ un T4 3 NS/ FITRAN N

COCMPILES CPTI'WNS -~ RANEs AN, IPT=02,LIX°CNT=60.S12E=0000K,
SIRCE.EDCOIC, NOLIST, WWECK L OA0, AP, ROEDT T, L0, NOXREF
15 0002 SUBRCUTINE WITHILLL2.,0L3,L4,05,L6,L7.08,W,0,1L00

o oo W)TE WILL WRITE UP TN EICHT ONE-QIWFNSIONAL ARRAYS NF VARYIW;
C LENGTNS [N COLUSRS &CSOSS A PAGF, L1,L2,E7C. ARE THE POSITINGS
C I COWNN OF THE SASE SHNPESSES W Twe PRATYS TO AF WRITTEN,
[4 1F AWMY LN 1S ZERD TWE R-TH CRUWS WILL SF Nf VX,

154 0003 OIWENSICN FPT(19) . FuTEOI,LIBN, 98,2081, L011},MM1)

1S% 0004 Data ®/° LV

158 0095 OAYA K, FPT{LD,FPY{20,FPT{ 1907130000, (1°1°,°%; LA ] °’

1S4 0006 OATa FNTITIFNT(21 ,FNTIII FNTILD FNT{S) FRTILD/',EL13",°.5 °,

I 08e%sSX 5, ,91,°,"A4 */

1S% 0007 Lilr=t}

15% 0008 Le2e=L?

15% 0099 L(3)~L)

fs% polo Lier=Lé

159 0011 LIS =S

154 0012 Lier=Ls

IS8 001) LiITI=LY

1% GO LeBR=LS

s 0015 N=Q

1% 0016 ~fel 21,8

T 0017 =i

s~ gote IFRLGY . 0INE I =LDNILivEb-LTCLLY

1% 0020 TFLL.EQ,NIW([}=0

1<% 0022 1 As"ag0(%,%((})

15" 0023 07 2 T=l,%

1S% 0024 nn 3 J=1,9

1S% 002% IFINES).GE.() GO °n @

T\~ 0027 2(5)»8

t1Se 5028 FOTLP® )1 )2FHT(5)

1S% 0C29 FPT(20)02)=¥NT{0)

I1S% 0030 GC N 3

138 0031 & LL=LiD)

S8 0032 LLsLDELLY o T - 8

rS» 0032 I8 5y=04L0

1SN 0034 FPIL20 o1 )nbKT ()}

1S4 0O3% FOTI20302)=¥NT{2)

1S¥ 0G3é (IR, LE,LABSELOILLINIGD vN )

1% J038 reT(205¢1}126RT(3)

1% 0039 FOT(20382)=FNT(4)

1SN 00449 3 CONTIM)®

1S4 0061 2 WRITE (NNULEPTY 1,0(10)0,3°1,8)

1SN Ove? RETURN

1%% 006) END
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LEVEL 21.80 & Jm 74 1 0S/73%3 FRTRAR W

CCPPILEP OPTIONS - RAMEs NAIN.OPT=D2,L INECNT240,SI2E-0000K,
SOURCF ., ESCOIC, MOLIST, VNOFEON,L OAD, MAP, NOED T, | D NGERFF

ISh 0002 SWOROUT IRE [WOT (RN, LTI, LG TOPL, TOP2, TOP 3D
t% 0003 OINENSEINN LTI ,AC™,1)

198 0004 L2 ]

1S4 0009% 00 1 t=1,L6

1S% 0006 102=0

15X 0007 103=(NCM+93/10

IS% 0008 IFILC.CT. 1 IWRITE (M8, 1007 W3, L

1<y 0010 10 FORMAT (/102X 44,150

s oottt 30 2 fel,103

1Se 2012 101=102¢1

1% 001? 102+»RNIN0([0k*9, . 8CM )

IS% 00t14 WRITE (e, 20071, {TW2,), Jx101,102)
TS™ 00lS 0C 3 Kxl,LTM

Isa 00Le 1FIX.EQ. 1VCD 7D &

1SN 0018 oC & JI)=101,102

1Sy 0019 1FIWMER, JoL) . NE K-}, ,L00CD ™0 7
1SN 0021 & COMTImys

IYe wIrs 1+ (RR Lt Q. KSIGA T @

sw 0024 KE»q

*N 0029 IF(K.FO.LTOLICN YO 7

IS8 0027 cC 70 3

ISy 0028 9 IFINL.EQ.LTRLICO TN &

1S~ 0030 0 9 I=101,102

1<y 0031 19 .08, JoU) - NF . MiXe], JoLII0C TN &
tS% 003 9 CAY (Ut

1<% 0034 KEsKEo]

TSw 0039 GC 10 3

1SS 003& T IFIRKE.FQ.USICN TN &

1Sy 0038 WRITE 1,400 T0?1 ,KS, TWPI,KE

5% 0039 IFIK.EQ. LTI . AND.RE.FO.XICN V1 3
1S 0041 A0 FORBATIOX A0, [5,6H THAU ,A44,15,16M SANE AS ABDWE )
1% 0042 & WRITE (w6, )0IK, (MIK, Jo D, =101.102)
1S4 0042 K=o

ISH 0046 KE=KS

1S% 0045 3 CONYInueE

15% 0046 2 CONYimye

1Sh 0087 1 CORY{Ny€

1S9 0048 20 FONRAT (W0 ,84,10(3%,84,13,2X3)
IS% 0049 30 FORWAT (1o, 10(5X,16,4X3)

1S4 00%0 fETURN

1% 00651 END


http://-HlTM.trCi.il
http://IFfK.FQ.lTM.ICO
http://NMlTflajfi.401T091.KS.T0rl.KF
http://IFIK.F0.lT0L.4MO.KF.F0.Klcn
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RODFRAC

RODFRAC is a computer code which computes the rod fractions within
specified annular regions and subdivides the annuli according ‘o the rod
fraction therein. It assumes rods on a triangular pitch contained within
hexagonal elexents themselves on a triangular pitch., The volume fraction
for the valls 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 reogicn for grid spacers, thus partitioning a single annular region

into three heterngeneous subregions.

The code assumes the geometry Is divided into five zones as shown in
Fig. C.1. Zone 1 represants a control rod channel and the surrouiding wall,
Zone 2 is a fuel pin region inside the centrally located fuel subasseably.
Zone 3 represents the subassembly duct walls 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 may 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. Rings 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.
NCYL5 Number of intervals in Zone 5

NCYT NCYL1 + NCYL2 + NCYL3 4+ NCYL4 + NCYLS

IKTY 1/2/3 = 1 fuel subassembly/7 fuel subassembiies/u» to 39 rows of
subassemblies, 19 per row.

NCOPY Number of times to punch the final radii

NROW Number 5. rows of pins per subassembly
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Fig. C.1. Five-/oned Mcdel for Which RODFRAC Computes Heterogeneous
Subrings in Zones 2 3nd 4 and Combines These with the Input Radii in Zones
1, 3, and 5 to Give the Final Qutput Radii.

Fig. C.2. Multiregion Rod Surrouided by Coolant in Region 3 and
Containing Coolant in Region 1. Region 2 May Contain & Single Material
or Two Divferent Materials in Zones 2a ard 2b.



il7

IROT 071 = Hex flats in Y-direction/Bex fiats inr X-diceztion (see Fi,.
C.3). Xote: XNR(GK, PITCH, DELY, HPITCH#, and HKDELY depenc i walue

y =

cf IROT. Fi¢. C.4 shows HPITCH and HDELY ax . Junction of 1% .

L R o= % .~ A

Fig. C.3. Illustration of tne Parameters WROw, PIT{F, and (1Y a;
& Function of [ROT.

ORNL-0OWG 72 -1v924

, GO .
88801 HOELY O?QT

']
HPITCH = e

HAPITCH

IROT=0 IROT =1

Fig. €.4. Tllustratior of the Parameters HPITCH and HDELY as A
Function of IROT.
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I0THR Greater than zero if other material besides fuel pins, duct walls,
or coclant is to be included as a separate heterogeneous subring.
Volume fractions in Zones 2 and 4 (Fig. C.1) 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 regionms.
Read volume fractions for region 1 in the 7* array.

I40TH If greater than zere, 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
m2terial 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 1Internal length of a side of a subassembly duct wall
SIDEO External length of a side of a subassembly duct wall

GRDF Volume fraction occupied by grid spacers (use 0.0 1if separate ring
is not desirable).

FLATC Distance across flats of duct enclosing Zone 1 of Fig. C.1.

T Block Terminator

3* Input radii (NCYT+1l values)

4* Subassembly duct wall volume fractions for each ring in Zones 2
and 4 (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 ? 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 iollows except for some iaput and output subroutines

which are obtained from a local library at execution,



LEVEL

TSN
1SN
<N
1SN
1SN
1SN
SN
ISN
1SN

LEVEL

1SN
1SN
1SN

1SN
1SN

LEVEL

1SN
1SN
1SN
1SN
1SN
15N
ISN
1SN
TSN
TSN
1SN
ISN
1SN
SN
ISN
TSN
TSN
15N
1SN

LEVEL

SN
1SN
1SN
1SN
1SN
1SN
1SN
1SN
TSN
1SN
1SN
TSN

21.8

0002

0005
0005
000~
0007
o008
0009
oot

21.8

aed
~N
=]

1 Jun 7% ) NS/730 FIRTRAN H

CCHMPILFR CPTIONS - NAMEx MAIN,NPT=02,LINCCNT=60,S12F=0000K,
SOURCEERCOIC . NOLIST,NINECK,LNADWAP NOED T T, O, NOXREF

CCNmON DI31),0UunY{ SO000),0END
LCXS=(LOC (DENDI-LOCLD(). DV /4
00 1 I=1eLCXS

t 0(i1=0.0
CALL MANIPLELCXS)H
HRITEL6,5)

5 FIAmaT{1AL)
cYre
ENG

( JUN T& ) 0S7360 FNATRAN N

CCMPILER (PTIONS - NAME= MAIN,OPT=02,LTNCCNTs60,512F=0000% -

0002
0003
0004

000%
0006

21.8

0002
0003
0004
0005
0006
0007
0008
0009
0010
oo11t
oot3
00t &
0015
0016
0017
0018
ooL9
0020
ag21

.8

0002
0003
0004
0005
0006
0007
0009
0010
001t
0012
0ot 3
0016

STURCE,FBCOTN NOL IST,NINECK L NAD, WAP ,NNE1' 11, TD,NDRREF
SUBROUTINE STYPERRIA,J)
WRITE(6,1003,4
10 FORMAT(IHO, 17,30, *ERRINRS WERE FNCOUNTERED IN THF®, 1X,A4,1X,
1 '8LOCK*/)
RETURN
END

{ JUN 74 ) NS/360 FNRTRAN H

CCMPILER CPTICNS — NAMFx MAINNPT=02,L INFCNT: 60,SIZE=0000K,
SAURCE  FBCOTC 4NNL ISToNODECK L OAD, MAP ,NOEDT Y, 1D, NDXREF
SUBROUTINE INTSECIXO,YO,RHO,RCC, THETA,PHI,IFR}
DATA P1/3.1415927/
QEAL®8 A,B,"
1ER=Q
RO=SORT(X06e2ev0ee?2)
AzRMND
B=20
CzRCr
CSA=(Ree2¢(ee2-A0e2)/(2,0%8e()
1F(ABS(CSA).GT,1.00G6N TN 20
ALPHA=ARCNS(CSA)
PHI=2,0%ALPHA
CST=(AS8200002-(C282}/(2,0%A087
THETA=ARPCISICST)
THETA=2,0®{PI-THETA)}
RETURN
20 (FR=}]
RETURN
ENO

( JUNT4 ) NS/360 FNRTAAN H

CCMPILER CPTICNS — NAME- MAIN,NPTz02,LINECNT=60,STZE=0000%,
STRCLZ,EBCNIC ¢NOL IST,NODECK,LOAD,MAP ,NOEDT T, 1D, NOXREF
SUBROUTINE AREAC(RH0,RCC, THETA,PH],AREA)
DATA P1/3.1415927/
SSP=SINIPHIY
SST=SIN(THETA)
AREB=PISRHOeS2
IF(THETA.GT P 1IGO TO 50
AREA=0,50(2,00P] -THET A0SSTISRHDS® 200, S#(PHI-SSP)SRC(ee)?
RETURN
5C AREA=O0.S5% (THETA-SSTI®RHN®#2-0,5¢ [ PHI-SSP )eR(C (o
AREA=AREB-AREA
RETURN
FNO



LEVEL

1SN
151

1SN
TSN
[ R ]
18
j A

s
oN
TSN
| 53]
TSn
SN
1SN
1SN

158

1SN

1SN
[ AL
1SN
1S
1SN
1SN
1SN
1SN
1SN
1SN
TSN

1SN
1SN
1SN
1SN
1SN
1SN
1SN
1SN
158
15N

TSN
15N

1SN
19N

-t
ro
-]

21.8 { JUN 74 NS/360 FIRT®AN H
CCHPILER CPYIONS ~ NAME= MAIN,NPT=02,LINFCNT250,S2E=N000K,
SOURCEL,EBCOIC , NOLIST NIDEMR LLNAD  MAP,NOED IV, 1 D,NIXREF
0002 SUBROUTINE MANIPLILCXS?
0003 COMMON DEII LFIXGLFLY LPCYLLVCF,LOTHR,LOMTH LEXVF LRNUT,LFR,LRFA,
S LCAREALCPARE ,LEND NCYLL,NCYL2 ,NCYL I NCYLSNCYLS NCYT,IRTY,NCOPY,
1 NRMW, IROT ,INTHR , 14 IN, T140TH, RROD,
2 RPAX, PITCH DELY 4 HP I TCH HOELY,,STOFI,SINFN,GRINF,FLAT.
0004 DIMENSTION TITLE(20)
0005 5 READ(S,10,END=4O)TITLE
0006 10 FARMAT(20A4)
0007 WRITE(6,200TETLE
0008 20 FORMAT(IHO,20A4/ /)
C
0009 LFIX=21S
0010 LFLY=28
0011 LeCy =38
[
0012 J&=0
0011 CALL FIDAS(N,D,0,2,33,5,6)
0014 JosJbe 3
0015 1FEJ4.GT.0ICALL STPEQR(’]IST *, )3
0017 GanNF=GR INF
[
Qo1ls8 WRITF(6e22INCYLL JNCYLZ N YL I, NCYLAGNCYLS oNCY T INTY  NCOPY,NRNW
® RNV, ICTHR,I&IN, [4CTH,
1 RROD,RNMAX,PITCH,NFLY JHPITCH, HNFLY,SINET,SIDFO,GRDF ,FLAT(C
Q019 22 FORMATETHO NCYLL1,I5/77H NCYL2,1S/TH  NCYLI,IS/TH NICYL&,IS/
1 TH NCYLS,IS/MH NCYY,IS/TH INTYL 1S/ NCOPY,1S5/TH NRNW, 157
* TH [PATLIS/TH  INTHR, IS/ TH (41N, I5/7TH  [4NTH, 1S/
2774 RAND,IPFI3,5/TH RMAX, IPEL13,5/TH PITFH,IPFL13. 5/ TH DELY,
3 1PENI.S/TH HPITCH, IPFI3,5/TH HDELY, IPF13.5 /TH SIDFI,,1PF13,5/
4 TH SINEN,IPELL.S5/TH GRDF,1PEL2.5/TH FLATC,IPELI.S//2H Y/ /)
C
c
0020 NCY24=NCYL2oNCYLS
0021 LVCFzLRCYLNCY T
0022 LCTHR=LVCFeNIY24
0023 LCATH=I CTHRINCY 24
0024 LEXVFsLN6THINCY2 4
0025 LRCUT=LEXVFINCY24
0026 LFR2LRNUT>NCYTeISNCY 2401
0027 LRFAzLFR
0028 LCARFEA=LRFASNCY24H
0029 LCHAPE=LC ARFASNCYT
0030 LEND=LCMARE+GONCYTY
C
0031 WREVE(6,50PLEND,LCXS
0032 TFILEND.GY.LCXSIGN TN 40
0034 fLS=LEND-L
0035 00 25 I=LRCYL,TLS
0036 2% 0{1130.0
0037 CALL FIDASID.D¢092¢J3,5,6)
0038 Je=tse sl
0039 IF(J33.6T.00CALL STPERR('2ND *,33)
00461 IF{J34.67,0)G0 YO S
0043 CALL RiINGO(OILRCYL) +DILROUTI,O(LRFAJ,DILCARFAD ,OD(LVCF),O(LEXVF),
1 D(LCMARE ) ,O(LOTHR) ,DILOATH) )
[+, L1} G0 ¥n S
0045 40 CONTINUE
0046 50 FOMMAT(LIHO,18,2X,LOCATIONS REQUIRED VS TB,2Xy"AVAILARLEY/)
0047 RETURN
0048 END
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21.8 & JUN 76 ) NSr30 FNOTRAN H
CUYPILER CPTYIONS — NANEs MAIN,NPT=02,LINFCNT26D,512F=D000K,
SOURCELEBCOTT ,NOLIST,NINECK,LOAD,MA®,NOEDI T, 10,NOXRFF

0002 SUBRMUTINE RINGOHIRCYL ,ROUTAFA, CAREA,VCF,EXVF ,CMAPEA, OTHR ,N4TH)

0003 COMMON DIl oLFIX LFLT LRCYLLVCF,LOTHR, LNGTH,LEXVF ARNYT,LFR,LRFA,
® LCAREALCHARE,LEND,NCYL 1o NCYL 2 NCYL I NCYLS NCYLS NCY T, IKTY NCNPY,
1 NROW,IROT ,IOTHR, [4 IN, 14NTH,RRND,
2 RPAXGPITCH,DELY WP I TCH,HCELY,STOEI,SINEN,GRIDF,FLATC

0004 DIMENSTON RCYLEL D RNUTCLDRFACLY,CARFALLD ,VOFEY),EXVF{I),CNAREA(]L)

000S DIMENSION QTHR{])24TH(L)

0006 DATA PI/3.1415927/

0007 ROAREAsP] sRRQD®s 2

Qoce AFUFLA=0,0

0009 AFUELS=0.0

0010 AGRIDA=0,.0

0011 AGRION=0.0

0012 AVCINA=0.0

0013 Av0108=0.0

COol4 IRAT=[ ROV

0oLs 1RQV=MO0( L RNT . 2)

0016 AAY=§

0017 IFLIRTY EQ. 2. AND. TRAY ,GT. 1 )KAY=?

0019 IRCD=0

0020 AR2sNRNY/ 2

0021 NRI=(NRNWS LD /2

0027 IXMAX=10

0023 [YwAX=20

0024 TFEMNO(IKTY®2,3) ,LE.1iIXMAX=]

0026 1FE(MND(INTYe2,3),E0.001YMAX=]

0028 IFIMQO(IXTY 2,31, €EQ.2)IYMAX=]

0030 $Q3I=SORT(I.G)

0031 FLAT=SIDE[*5Q)

0032 DO S I=],NCYV

0033 S CAREALTI=PI*(RCYL(To11882-RTYVL(T)0e2)

0034 1y=1l

003% IH=0

003¢ 10 CONTINUE

0037 YHC=( 1Y-1)8HDELY

0038 NO=0

003s FEIH.GT.0)
e CALL XCULUNIXHC 4YHC,SI10€M, IRQT, |, NN, IMAX , XHC , YHC ,RRND)

004} IFINN.GT.0)GO TN 220

0v43 Ix=1

0044 20 CONTINUE

0045 IH=IHe]

0046 XHC=; I X-190.50M00(1Yel,2) I*HPITCH

0047 IF(INLGY,. 1)
SCALL XCLUDIXHC (YHC ;STDEQ, 1907, 2, N, RMAX , XHC o YHI ,RRNN)

0049 IF(NN.GY,0)GO TN 210

0051 IR1=rrYL] o)

0052 [R2=IR]1eNCYL2-]

0053 K20

0054 IFITHLEQ. L. AND,NCYL2,GY.00G0 19 30

0056 IRLsNCYLIONCYL2ZeNCYLY oY

0957 IRZ=IRLoNCYLS-]

0058 K=NCYL2

0059 30 CONTINUE

0060 11=IR]

006l 10=1R2

0062 YSTRT=YHC -NR2SDELY

0063 NN 200 Na=],NROW

0064 YC=YSTRTe (NR-116DELY

0065 IF(YC.17,0.,0)G0 TN 200

0067 NNsNRDy  ABS (NR-NR2-11

[ 11 1.Y.] IF(I¥0T,EQ.00G0 TO 32

0070 NNsNR

007 IF(NN,GT,NRI)NN=28NR3 -NR

0073 32 CONTINUE

0074 ANN=NN

0078 ASTRT=XHC-0,58 (ANN-1,0)PITCH

0076 Nme0

0077 NO 190 NXsl,NN

0078 XCoXSTRTo{NX~1)*PITCH

0079 TFIXCLY,0,00G0 TO 190

oont GC TN (33,36) ,XAY
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0004
0088
0087
0088
0089

0092
0094
0095
009
0097
0098
009S
al101
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0104
0105
0106
oto7r
0108
0109
o111
o112
olls
2115
o116
o118
0120
0121
0122

0123
0124
0125
0127
o128
0129
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0139
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0141
0142
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0166
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o151
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0169
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ot70
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o172

313

34

36

17

38

40

45

50

60

65

70
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CONT TNUF

CALL XCLUNMKC,YCoSIDFI,IR0T,3,N7, FLATC, XHC, YH( ,RRNN?
FI(N0.GY.01G0 YN 199

CCNY INVE

RC=SORT (X Cee2eyY(ee2}

AY=0,0

FAC=1.0

IFIABSIXCeYC ). LF 1.0F -6, AND.PC . GT . 1.0E-69FAC=2,0
1F(ABSINCoYr) . GY. 1. 0F—6¢FAC=4.0

(FAMC=FACs0,.1

RIsRC~-ARRNC

LGEL I 2 (1])]

GO YN (36,371 ,KAY

CCNY INUFE

IF(RE GT . RNAX)IGN TN 190
IF(FLATC.GT,.0.0.aNN R [.LT.0.5¢FLATCIGN TN 190
TRD=IAND ¢ (FAC

NPsNNe |

G0 Th 38

CONY I NGyE

IRCO=IROD o {FAC

NNsNme]

IFIRTGT.RMAXIGN TO L 70

CONY TNUF

{FI(RC,.LE.0.0)GN T 90

DO 40 1I=IR],IR2

A2:RCYLITITo1Y
IF(IH.EQ. 1. AND . T1.FQ. IR2IR2=STOEN
IFIRILLT.R2)GO 7D SO

CONT INUE

WRITE(6.453 1K1Y, THNR NX, IRND, ] ,RD

FORMAT(*0%sss QEGINN NCT FOUND FOR THIS RND*'//
* IX LY IH NR NX [ROD R RN :°,2X,6164,1P2FE15.5/)

RETURN

CONTINUE

IFIRN.LT.RCYLITI#120GO TO 120

00 60 1N=11,IR2

R2=RCYL{I0+1)
IF(IH,EQ. 1. AND. 10, EQ. IR2IR2=SINED
1FIRD.LT.R2)GD TO TO

COKT INUE

IF(RO.GT.RMAXIGN T 65

WRITECH.45) I X, 1Y, TH,NR,NX, IRND, R ,R0

RETURN

CONY I NUE

10=IR2

CONT I NUE

[Qns10-1

[FIIOM LY. I1)GO TN 85

C RND DIVIDED BY SEVERAL RINGS

80
85

0N 80 1P=1(,10M

RCC=RCYL(IPe1)

CALL INTSECIXCoYC,RRON,RCC, THETA, PHI, IFR S
(FLIFR.GY.0IGD TN #10

CALL AREAC{RROD,RCCoTHETA,PHI ,APEA)

RFAIK [P 1-IH]1I=RFA(KeIPe1-TRIIG(AREA-AT )SFAC
AT=AREA

CONTINUE

CONTINUE

IFIRD,GT.RMAX)GO TN 130

C PARTYION 0OF ROD ARFA IN LAST RING 5PANNED

90

IFIAT.GT. 1.001%ROAREAIGO T? 390
XCESS=RNAREA-AT

(FIXCESS.LY,0.0)XCESS+0,.0
RFAIXOINeLI-IRII=RFA(KSIOSL-IR1)EXCESSPFAC
G0 70 190

CONYINUF

C CENTRAL RCD SPANS SEVERAL ANNULIT

100

AT=0.0

DO 100 tI=IR},1R2
IFARDLLYLARCYLETTIS1IIGN TN 110
AX=CAREA(IT)

AT=AT#AX
REAIKOITO1-TR]L)2RFA(KOTTIS|-IR]1)OAXNFACL
CONTINUE

GO Y0 190
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017e
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o179

aleg
otet
0182

o103
0124
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n18s
o187
o188
0190
o191
o192
o193
0194
0195
0196
o197
0198
0199
0200
0201
0202
0206
0205
0206
0207
0209
0210
0211
0213
0214
021%
0216
0217

0218
0220
0221
0222
0223
0224
0225

0226
0228
0229
0230
0231
0232
0233
0234
0235
0237
0239
0240
0241
0243
024%
0246
0248

C

C

-

.

124

PORYION NF ROD ARFA IN LAST QING SPMNNFD
110 XCESS="NAREA-AT
IF(XCESS.LT.—0.001eRNAREAICC T 390
IFeNCESS.LY.0.00XCESS=0.0
RFA(KeITel-IR]I=RFA(XKO[Io]-IR]1DeXCESSOFAC
60 10 199
AND LIES FNTIRELY WITHIN SINGLF ANNWURUS
120 CONTINUE
RFA(KCITO I~IRLI=RFA(KGTTIo1-IPLIGROAREASFAC
GN ™ 190
PORTION NF ROD LIES AFYOND *RMAX®, CINPUTF ARECA [N RING
130 CONTINUE
GO 'a (135,140),.KAY
135 CONVINUE
NCC=RMAX
CALL IMTSECIXC YC ,RRQOD,RCC, THETA,,PHI,LER S
IF(IER,GV.00GO T 410
CAL". AREACIRPQD,RCC, THETA,PHI, AREA)
GO T0 145
140 AREA=ROAREA
145 CONTINUE
REAIKGIO» 1-IRL)=RFAIKPING [-IR]1}e (AREA-ATIOFAC
50 0 190
170 COKVINUE
AREA=ROAREA
AY=0.0
10=1802
RFALKSINe 1-IRLI=RFA(KSIOM1-[R1De (AREA-AT)OFAC
190 CONYINUE
IFOIHLE,SIMRITE (6, LOSINR  NM, XSTRT,VC
185 FORMAT(1X," NR NM XSTAT Y(:°*,2X,216,1P2F15.5)
200 CONTINUE
IXsIXel
IF(IX.LE, IXMAX)IGO TN 20
210 CONTINUE
1Y=ivel
IF(IYLELTYMAXIGO TO (1O
220 CONTINUF
K=l
=0
L=0
ROUT 1) =RCYL(1)
INNE 1
IFINCYLL1.LE.O)GO TO 240
D0 230 I=1,NCYLI
K=Ke 1l
iL=tel
ROUYIXI=RCYLILSL)
230 CONTINUE
240 CONTINUE
INNE 2
TFINCYL2.LE.O0)IGN TN 270
DN 260 I=sQ,NCYL2
Mame ]
L=te]
REA(M)=RFA(YM) /CAREA(L)
CHTsNGTHIN)
FRAC=RFA(M)eyYCF (M)
GROF=GRIDF
1FLIOTHR,GT.0)GROFE=NTHR (M)
IFCTOTHR,LELOJOTHR(YWI =GR CF
R1=RCYL (L)
R2=ARCYL(L?])
(FIFRAC.LE.C,0)GO YO 250
IF(I&IN LE.OIGN TN 248
FRAC»FRAC~-EXVFIN)
IFITIOTHR T, 0VFRACSFRAC-GROF
RFA(M) sFRAC

*Ip2e
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TSN
1SN
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SN

SN
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1SN
sy
TSN
1SN
IS8
158
1SN
1Sy
1SN
1SN
1SN
1SN
ISN
1Sy
1SN
TSN
158
TSN
1SN
1SN
1SN

1SN
1SN
1SN
1S
1SN

0249

2250

0251
0252
02%3
0254
0255
0256
0258
0260
0261
0262
0263
0264
0265
026¢
0267
0268
0269
0271
0272
0273
0274
0275
0276
0217
027s
0280
0281

0282
G204
0285
028¢é
0287

0298
0290
¢291
0292
0293
0294
6295
0296
0297
0298
0299
0301
0303
0305
0307
0300
0310
031!
0312
0313
0314
0313
0316
0317
03te
0320
0322
0323
0324
032%
0326
0327

245 CONTINUE

AFUELA=AFUELASFR ACS CAREALL)

IX=L

CHAREA(IK )=CMARFA(IK)CCAREA(LISFRAC

K=Kel
WMQUTIKI=SQRT ({1 . 0-FRACI R | S82sFRACOR2002)

250 CONTINUE

IF{FRAC.GE.1.03G0 TO 260
IFIGROF.LE.0.00G0 T3 255
AGRIDA=AGRIDA*GROFSCAREA(IL)

IXaNCYTeb

CHAREA(IN I=CHMAREA(IKJOCAREA(LISGROF

Kakse]

FRAC=AMINL(FRACOGROF,1.0)
RCUTIX)=SORT((1.0-FRACISR 109 2+FRACER 2882}

255 {CNTINUE

EXVFiIM)=] ,0-FRAC-04Y
XVFu=EXVF (M)
{F(FRAC.GE.1.0)G" TO 260
TXu=XVFNSCAREA(L)
AVOTOA=AYCQIOAsTXN
IXK=s2eNCYT oL

CHAREA(IX )=CMAREA(IX)OTXY
K=Ke]
QOUTIKI=SQRT (04T OR1e824(] . 0-04T ) eR28e2)
IF{OATLE.OIGO T3 260
K=Kel

ROUTIKI=R2

260 CONTINUE

20NE 3

270 TF(NCYL3.LE.O0IGO TO 290

D0 230 I=1,NCYLY
K=Ke }
L=lel

280 ROUTIX)=RCYL(LeL)

I0NE 4

290 IFINCYL4.LE.D)GO f0 320

DO 310 Y=1,NCYLS

MxMe )

Late]

R1=RCYLIL)

R2=RCYL(L21Y

RFA(MI=RFA(M) /CAREA(L)
FRAC=RFAIN)oVCF(M)
CAT=04TH(®)

GROF=GRIDF
IFUINTHR.GT .0 JGRDOS=OTHR (W)
IFUIOTHR LELOIITHR(MI=GR] DF
IFIFRAC.LE,0.03G0 TN 300
IF{IAIN.LEL,O0)GN TO 295
FRAC=FRAC-EXVF (n)
IF(IOTHR,GY.0 I FRAC=FRAC-GRNF
RFA(M)sFRAC

295 CONTINUE

AFUELBsAFUELBOFRACSCAREA(L)

IX=a3eNCYT ol

CHAMEA(IR)I=CNAREALIK) eCAREAILI*FRAC

KuKe )
ROUTIKI=SORY({1.0-FRACISR 188 2eFRACOR 2982)

300 CONTINUE

IFIFRAC.GE.1,0)G0 70 310
IF(GROF.LE.0,00:0 TO 303
AGRIDB=AGRINBIGRDFSCAREAIL)

IKseeNCYT oL

CHAREA(TIK )aCMAREALTXI*CAREA(L )*GROF
FRAC=ARINL (FRACH*GROF, 1,0}

KeKe]

ROUT(K)I=SQRT ((1.0~-FRAC)ISRL SO 2oFRALSR?942)
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c2s50
0351
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0354
0355
LELT
0357
0358
0359

0360
0361}
0362
0263
0384
0365
0366
0367

0368
0370
0371
0372
03713
0374
037%
0376

0317
03718
0379

0380
0381

126

305 CANYINYE
FXVFIM)al 0-FRAC-NGT
AVFu=EXVF (M)

IF4FRAC.GE,1.01G0 TN 310
TXM=XVFHMOCAREA(L)
AVCIDB= AVNIDB ¢ TXN
IN=SenCyYYet
CHARFACIN Ia( RARFAEINDeTXM
K=Ke}
ROUTIK)I=SART ( Q4TSN 80 Z2¢({] . J-N4TISN2882)
IFIOMT LE.0. 0060 TO 310
K=o ]
AUTIXKD)=R2
310 CONTINUE

I0ONE 5

320 IFENCYLS.LE.OIGN TN 340
00 330 1=1,.8CYLS
K=ol
L=gel
ROUTEKD)=RCYLIL+Y)

330 CONTINUE

340 CONYINUF
DC 365 1=x1,%

00 345 L=2,NYT
IKs(T-199NCYT oL
ftsix-1
345 CHAREAIIKI=CPMARPCALTIK)oCm™AREALIL)
LFR=LANUTsX
WRITFL6,3500
350 FORMATLIH]L  TSX,*AREA* 710X, * INPUT* (TX,*2ND DUCT?,5X, "CNANLANT, X,
1 *CUTPUT® 48X, *RND’ 8K, *BFTWEEN® TN, *NTHER® /1NX,*RADTIT Y, 7X,
2 SFRACTYION® S, FRACTINN X, *9ANT{°, TR, *FRACTION®, 3X,
3 SINPUY RADIL® ,AX,*FRACTION®, IX, *4TH FRALTINN® /Y
CALL WOTB(4,598¢9¢11,102:65746,D,M)
WRITF(6,351)

351 FORMAT{*OCUNULAYIVE AREAS-RON,NITHERLLM ANT-FNP ZONES 264°7/)
CALL MNTICMAREA,ANCYT, 1, INT_ *, “QUAN®, ()
WRITEl6,360)IRND

360 FORKAT(*ONO. RNNS NR PARTIAL RNDS INCLUOED®,T78)
WRITECH,I6SIAFUELA, AGRIOA, AVOINA,AFUELBR, AGP INR,AVOT DS

365 FNRMAT{*OSYSTEM SUMMARY®//* INNF 2 RID,OTHER AND CNNUANT AREAS?,

1 2X,1P3IELS.S//7° IONE & AND,OTHER AND CHNLANT AREAS*, 21X, 1PIELS.5//)
IFINCOPY,.LE,016N TO 380

00 370 i=1,NCOPY

CALL FFPUN(RNUT,X,1)

3T7C CONTINUE

380 CONVINUE
RETIRN

390 WRITFL6,4001 1%, 1Y, 1,NR NX,I1ROD, 11,1

00 FORMAT(*0ROD AREA TOTALS MORF THAN TRUF AREA'//

I fIXe?IX TY fH NR NY IROD IT INs,816)0)
RETURN

410 WRITE(6,420) IX, JY o [H NR NX, RGN, L T1,1N

420 FORMAT{*OROD TINTERSECTS NN RINGS®*//

1 (IXo?1X Y TH NR NX TRND 1 IN* ,8160)
RETURN
END
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0002
000)
0004
000%
0005
0007
0008
0009
0011
0013
00le
0015
0017
oots
ac19
oo n
002"
0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0313
0034
0036
0037
0039
0040

( JUN T4

-
~NY
~dJ

NS/7360 FIMTRAN H

CCMPILER CPTINNS — NAWE= MAIN.NPT=02,LINECNT=A0,STZE=0000K,

10

20

30

40

50

SOURCE, FBCOIC NCLIST ., DECKLDAD,MAP,NOEDI T, [ O NO I FF
SUBRNUT INE XCLUDIXC,YC.SIDE, IRNT ,KFVY, NO, RN, XHC ,YHC,RND:
SG3I=SQRT{3.0)

NC=0

GC YC (10,220,501 +XEY
CONTINUE

YL Cu=Y(C-ST10€E
YLOW=AMAX](YLOW,. 0.0
TFLEIRDY FQ.0)YLMNM=Y(~-0.5%5Q3*SIDF
IF{YLON . GY . OM)INO=]
RETURN

CONT TNUE
IF{IROY.GT.0)GO 7O 30
Y1=¥(~-0.5¢503¢S1DE
X1=XC-0,.5¢SIDE
Xi=AMAX1{X]1,0.0%
Y2=Y(

X2=XC~-SIDE

GC Tn &0
Y13YC-0,5¢ST10€E
Vi=AMAX)(Y],0.0)

X1 =XC-0.5%5Q3¢SI0E
¥2sYC-~SIDE

X2=XC
RI=SQRT(X]e024sY]®82)
R22SQRT{XZ28824Y20072)
RA=AMINL(R],R2)
IFIRA.GCT.RMIND=]

RE TURN
IFLTROT.EQ. O RETURN
RA=ABS{XC-XHC)
IF(RAMRND,GY . 0.5¢5Q30STDE INMI= L
RETURN

END
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GROUP STRUCTURE, QUADRATURE, AND FISSION SPECTRUM
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Appendix E

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

Parameter* Description Value
ISCT™ Maximum scattering by zone 3
IcM Number of energy groups 51; 7
MM Number of directions in quadrature 150
MODE Method used reduce unknowns in angular 3 (weighted)
flux calculation
IaCC Type of rebalance 2 (space dependent)
KALF Re_alance method 0 (J)
IBFSCL Number flux iterations before space 2
scaling
INTSCL Number of flux “terations between 1
space scclings
ITMSCL Maximum number of scale factor 60
iterations
EPS Eigenvalue convergence criterion 0.0001
EPP Pointwise flux convergence criterion .001
EPV Volutetric flux convergence criterion (€,0001
COMACC Rebalance acceptance criterion ¢.001
CONSCL Spatial rebalance convergence criterion 0.0001
WSOLOI Rebalance source iteration co2fficient 1.0
WSOLII Rebalance flux iteration corificient 1.0
WSOLCN Rebalance constant 0.0

*A1l1 variables as they appear in DOT-IV Output.
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SPATIAL FINE MESH
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DB RPN
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M axtaL
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e 1
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o
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RADIAL AND AXTAL GO NDARIFS FOR CONFIGURATION 11.D PADIAL ANO AXTAL SNUNDARIES FOS CWFIGUeATI'W TI.¢

S€EY 1 SeY 2 SEY 1 SeY 2
173 z i) LA} R ICW) 172 2 1cmy [ Y]] [ 2N 14 }]
1 ~6.4516€ 01 o L] 1 -2.540CE 00 0 ]
2 ~6.2730€ 01 2.4232¢ Q0 T.4532¢-01 2 ~6.3%500€-01 B.077%-01 7T.8793F-01
3 ~S5.9940E O1 3,2006€ 00 1,4900F 00 3 ] 1.6155€ 00 1.9359F 0O
4 -5.T6S8F 01 S.2173€ 00 2.2360¢F GO & 2.9972€ 00 2.42%2F 00 2.3038F 00
S ~S.9372€ J1 6.4013E G0 2.9013¢ X 5 S5.9944f 0G 2.8119€ 00 3.0717F 00
6 -5.3006€ 01 08.3269% Q0 3.7268¢ X0 6 0.0016EF 00 3.2006F 00 I.QIOT7E 00
T -5.0800€ 01 9.0019 00 4.4719% 00 7 1.1329€ 01 3.8713% 00 +.607¢F 00
8 -5.0483€ 01 9.9353€ 00 5.2173F 00 B 1.3996F 01 4.%420€ 00 S.375SF 00
9 -5.0187€ 01 1.0380€ 01 6.143%€ 00 ¢ 1.6683F 01 S5.2120€ 00 &.143%€ 00
10 -4,9850E 01 1.0024¢ D1 6.6634€ 00 10 1.9330F 01 S.0070€E 00 b.6634F 00
11 -4,7221F 01 11,1249 01 7.0841€ 00 11 2.199¢EF 01 6.4013€ 00 7.080%€ 0O
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3 1.1329€ 01 3.%562%€ 01 2.1074E 01 34 9,4531€ 0) 2.0%9T7€ O1 2.1018€ 91
35 1.3996€ 01 3.7700¢ 01 2.1806¢ 01 35 9.8%41€ 01 2.1201€ 01 2,1808f 01
36 1.6663€ 01 3.7940€ 01 2.2%503E 01 36 1.021%€ 02 2.1806F 01 2 2%503¢ Ot
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30 2.1996E 01 3.9424F 01 2.3307€ O 38 1.0977€ 02 2.310%€ 01 2.3307¢ 01
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42 J.2086F 01 &.5T20€ 01 2.5844F 0) 2 2.6023€ 01 2.%51%8¢ 01
43 2.5334E 01 4,T7244€ 01 2.6922¢ 01 [} 2.6932€ 01 2.6932¢ 01
&  3.8001E N1 4.8768€ 01 2.7292F 0O} o 2.7292€ 01 2.7292¢ O1
o5 8.0334€ 01 5.0292¢ 01 Z.78T1E 01 45 2.7671€ 01 2.7671F O1
46  4.2684€ 01 S5.1016F 01 2.80%0€ 01 &8 2.6050¢ 01 2.8030¢ 01
47 4.%001€ 01 S.3340F 0] 2.0060%€ 01 47 2.861%€ 01 2,0615%¢ O1
«0 5.365T€ 01  2.9160¢ 01 40 2.91680€ 01 2,9180F 01
49 5.39T3E Of 3.3470€ 01 29 3.0590¢ 01 13.0200¢ 01
50 5,4290¢ 01 X.B8100€ 01 50 3,2000¢ 01 3.2000¢ O1
s1 5.63686€ Q1 4,26T72€ O1 %1 3.4730€ 01 3.4750F O}
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58 T7.3341F 01 7.0484F 01 58 $.,3340€ 01 5.35900F 01
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60 T7.9056€ 01 7.6)199€ 01 60 5,4290¢€ 01 6.1000F 01
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67 8,4TT0E 01 S8.5770F O1 62 5.2%0€F 01 6.7000¢ 01
63 6.7000% 0% 7,0000¢ Ot
64 7.1%00€ 01 7,3000¢ 01
[ 1] 7.6000¢F 01 7,.6000¢ 9}
&6 ?,9000% 01 7,9000¢ Ol
(Y 8.2000F Ot 8.2000F 01

(1] £.5000€ 01 8.3000€¢ 01
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RADIAL AND AXTAL AJUNNASIES FNR 3NFIGURATION [1.F PADIAL AND SX[AL ATUNCARIES fra CONFIGURATINY 111,
SFT 1 SEV 2 L LA | “FY 1
t73 I «'ny & iCm “ 1™ a [rey 173 r tem a (Cm}
1 -2.%4CCE 00 a o o 1 c ]
2 ~86.3900€-01 B8.377TX%-01 7T.8793F-01 7.0211€-021 ?7 3.01eCt OO0 2.4232¢ 00
3 [} 1.515%F 00 1.%359€ 00 1.8042F 3 3 2.,032€Ff 20 3.200¢F 00
4 2.€726 03 2.4232¢ Q0O 2.3038¢ OO 2.1063F DD 4 9,0480€f 3C 5.2173 00
S S.9944F 00 2.8i19F 30 3.0717F 00 2.8084F 09 ¢ 1.2064F 01 6.4013 00
6 8.806146E 00 3.200ef 00 3.8397F 00 13.510%¢ 0N & 1.508CF 0! 08.3269 00
7T 1.1329 O! 3J.0713% Q0 4.0076¢F OO0 4.1423F 09 7 1.80%6F 01 9.6019¢ 00
8 1.799E€ 01 4.5420¢ 00 S5.379%¢€ 00 &.7741fF Q) 8 2.1112¢ 01 9.93%3 00
9 1.6583 Gl 3.21Z0F 00 6.143% 00 S.e058F 9 2.4128€ 01 1.J0158F 01

0 1.9330€ 01 5.8070¢ 20 6.6834F 30 6.03T6f
11 2.1990€ 01 6.40V3¢ 00 7.0803€ 00 6.5590¢
12 2.4665¢ O) 7.0432¢ 0 7.5040F 00 7.0805¢
13 2.7332€ 01 7.48%0€ 00 T.925%¢ 00 7.8677¢
14 2.9959€ 01l 0.)269% 00 98.0045F 00 8.25%50€
15 3.2666F Gl B.908F 00 8.0834€ 00 B8.M1%1E
16 3.%5334€ 01 9.60019% 00 9.4019¢ Q00 9.3752¢
17 3.8001€ 01 9.93%3€ 00 9.9333F 00 9.9353¢
18 4.0334€ 01 1.06002¢ 01 1.0602F Ot 1.0675€
19 4.2668¢€ O1 1.12869€ 01 1.1269% 01 1.1015%F

10 2.7164¢ O1 1.0380F 01
11 3.0160fF Ot 1.03602¢ 01
12 3.0320¢ Ot 1.090%%F 0}
13 3.0420€ 01 1.23C7¢ 01
3.1120€ 01 1.3491€ 0y
15 3.302¢%F 01 1.4960F 0}
16 3.7627F 01 1.8077% 01
17 4.2230€ 01 1.7527€ Q1
18 4.6832€ 11 1.8664E 01
19 3.1435F 01 2.007&€ 01

2238338838y

20 A.50CIE O1 1.15%4F 08 1.15%4F 01 1.15%4F 31 20 %.6037¢ 01 2.12%0¢ O1
21 4,011%5 O1 1.2263€ 01 1.2767F 21 1.2169% 21 21 0.0b40F 01 2.2%592¢ 01
22 S5.1226¢ 01 1.2972F 01 1.3980F Ol 1.2743¢ 2t 22 ©6.0800F 01 2.383f Q1
23 5.39S4F 01 1.3%543€ 01 1.4814F 01 13.3337F O1 23 £.0%0€ 01 2.9 0% 0N
28 S.6T760€ O 1.4117% 0% 1.437%¢ 01 1.3931fF Ot 26 6.3246F 21 2.6422¢ 01
25 S5.9525%€ N1 1.4723€ 01 1.5296F 01 1.%814F O} 2% 5.%%32€ 01 2.4790¢ O1
25 6,2250F 01 1.5328¢ Q1 1.5683€ O1 1.5296€ 01 26 &6.7A18€ 01 2.7212¢ 01
27 6.50%8€ Ol R.994T7F 01 1.9947F 01 1,.5947F J! 27 (.01C4€E OL 2.7630¢ Ot
20 O6.TA2IF O] 1.6480€ 00 [1.6624F 01 1.6801¢ O1 28 T7.2350F 01 2.80%0€ O1
29 7.09%0FE O1 1.7373F 01 1.7305€ 01 1.7267F O 29 T.467¢ 01 2,.6427¢ 01
30 7.4079E O1 1.0065€ 01 1.7977¢ 01 1.8132F 2% 30 T,8962¢ 01 2.8803 01
Il T.T7209€ O1 1.RS4E 01 [.86%54F O1 1.8654F 01 31 Y.9248F 01 2.9180¢ O
32 B,0330F O1 1.9243F G1 1.9442€ 01 1.94%1€ 01 32 0.1534E 01 3,1330€ 01
33 R.3467E OL 1.9920€ 01 2.0230F 01 2.0247€ J1 I3 8.3820€ 01 3.3400¢ O1
36 0,09%96F 01 2.0597€ 01 2.1008F Ol 2.1046F (1 34 8.61C4F 81 3.5630¢ Ol
3% 85,9726 01 2.1201€ 01 2.1806F 01 2.1826F (] 35 8.87%92¢ 01 3.7780€ Ol
3% 9.28%5€ 01 2.1006F OF 2.23503€ O1 2.2084¢ O] 36 9.0670€ 01 3.7940f O1
37T 9.5984F 01 2.24856E 01 2.2837F 01 2.2696€ 41 37 9.2964€ 01 3,8100¢ O1
38 9.9113F 01 2.)105€ 01 2.3307€ Ol 2.3307¢ 91 38 9.%250€ 01 3.5824€ OL
39 1.0224F 02 2.3737€ Ot 2.3797F O1 2.393\F O} 39 9.7%53¢€ 01 4.1148¢ O)
S0 1.0937€ 02 2.4369F 01 2.4305F O1 2.45%%€ 01 40 %.3822t 01 4,2672¢ O\
&1 1.0850€ 02 2,.5198F Ol 2.4761F N1 2.5iyeF 01 41 1.0211€ 02 4.4E9%96¢F 01
42 2.0023%€ 01 2.%194€ 01 2.589%F Ot 42 1.0439€ 02 4.5720€ 01|
43 2,6932€ 01 2.6932F 01 2.6593F 01 47 1.0668€ 02 4.7244F 01
o~ 2.T2928 01 2.7292F 01 2.7292€ O1 & 1.0700€ 02 A.0768F 01
43 2.ToNE 01 2.7671F 01 2.7871F O} 4% 1.0731€ 02 9.0292¢ Ot
L] 2.80%0€ Ot 2.80%0fF 01 2.80%0F 01} 4 [1.07¢63€ 02 S.1816F O}
&7 2.861% 01 2.881%F 01 2.8615%€ O1 47 1.1026F 02 5.3340F O!
44 2.9100€ 01 2.9180F Q1 2,9180€ 01 48 1.1209¢ 02 9%.7657 01
a0 3.,0590€ 01 3.0200€ 01 3.0200f O1 49 1.15%2F 02 9.3973€ 01
50 3.2000€ 01 3.2000f Q1 3,!000¢ 01 S0 1.1814€ 02 9.4290¢ 01
53 J.AT50E O1 3.4730F 01 3.4750€ Ol %1 1.2077¢ 02 5.6388F 01
52 3.7500F 01 3,7%00F 01 3.7500F Ot 87 1.2340F 02 5.8482¢ 01
53 N_0250F V) %.02%0€ 01 4.0250F 01! 53 1.2603€ 02 6.0978¢ 0)
56 4.3000€ 01 4.,3000F O1 4.1000F 01 % 1.28¢6F 02 6.2873¢ 01
13 4.5750F 01 4.8000Ff Ol 4.0n000F O1 55 1.3129€ 02 6.4770¢ 01
56 &,A%00€ Ol 4.8500¢ O1 4,5300€ 01 56 1.3392¢ 07 6.7827¢ 01
57 5.0920€ (1 S.139%F 01 95.139%F 0l ST 1,365%54€ G2 T.0484F 01
58 5.3360F O3 S.4290F 01 5.4290€ Ot 8 1.3917F 02 7.3341€ 01
59 5.3815¢ G! S,8000¢ O1 $,8000F 01 59 1.,4180¢€ 02 T.8199¢ 01
60 5.4290€ 01 6.1000F 01 &.1000F O1 60 1.4443€ 02 7T.90%8€ 01
8l $.80006 01 6.4000Ff 01 &.4000F O 61 1.4708€ 02 8.1913 01
82 6.2500€ 01 o.7000f O1 6,.7000F 01 62 1,4969€ 02 B.4770F 01
[3} 6.7000¢6 0! 1.0000f O1 7,0000F O1 63 1.5232¢ 02

[ 7.1%00€ 0} 7.2000¢ 01 7.3000f 01 o4 1,5494F 02

65 7.6000¢ 01 7.6000€ 01 7.6000F 01 6% 1.%568%¢ 02

[ {.9000€ 01 7.9000F 01 7.9M00F 01 or  1.5748F 02

67 8.,2000¢ 01 8,7000C 01 8,2000€ 01

60 0.5000€ Q1 8.5000F 0} 8.35000F 01
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RADIAL AND AX[AL SOUNDARICS FIN CONEIGURATION fv.A ®ADIAL AND AXTAL POUNDASTES S0@ CONFIGURATINN TV.A

L4 1 SET 1 SFY pd
173 ® (cw) 173 I tcs) LT R (£w)

1 b 2 1 -b.4%)aF O1 0 1}

2 3.016CF 00 2.1971% 00 2 ~6.22305 01 2.1879< 0O 7.0217¢ I
3 6.0320F 0C 3.2006f 00 3 ~%.9944f 01 3.2006f OC 1.4043F 02
4 9.04600F GO &,91%26 99 4 -5.76%6F 01 &4.9152€ 0C 2.1065¢F 00
S 1.20€4F Ol 6.401% 00 5 -5.,%372F 01 b5.4013F 00 2.8087¢ 00
6 1.508CE 01 T.7014f 00 s ~%,30086€ O1 T.7Q14€ 00 3.%109¢ 00
T 1.80%6F 01 9.6019% 00 T -5.0800€ Ol 9.60§9 00 4.7130F 00
8 2.1112F Ol 9.93%3 00 8 -5.0483 Ol 9.9353F 00 4.9152F 00
9 2.4128¢ 91 1.0380¢t O1 9 -%_0167¢ 01 1.0380¢ 01 A.31435¢ 00
10 2.7144f 01 1.082¢ 01 10 -4.985CF Ol 1.0824F O1 6.6634F 00
I1  3.0060F 01 1.126% O} 15 -4,7221€ Ot 1.1269€ 0L 7.0835F 20
$2 J.0320€ 01 1.15%¢ 0O} 12 ~4.6593F O1 1.15%4€ 01 7.5048¢ 00
13 3.048CF 01 1.2471F 01 13 -4.1964F 01 1.2471F 01 T7.929%¢ %
14 3.1120€ 01 1.6t17E O1 16 -3,9336F OL 1.4117€ 01 0.0834F 00
15 3.302%F 01 1.5170¢ Ol 15 -3,67Q07€ O1 1.51706 O1 6.8427F N0
16 3.7627F 01 1.6680¢ O; 16 —3.4070€ O1 1.6080€ 01 9.5019F 00
17 4.2230F 01 1.779% Ol 17 -3.1450F O1L 1.7799€ 01 9.93%3F 20
18 4.6832F 5i 1,924) O1 18 ~2.8821F O1 1.9243F 01 1.0802F 0
™ %.0835F 0] 2.0280¢ Ol 19 ~2.61S3F 01 2.0230€ 0] 1.1269F 01
20 S5.6037F 01 2.180ef Ol 20 -2.35¢4€ O1l 2.1806€ O1 1.15%F oOf
21 6.064CF 01 2,2812¢ 01 21 -2.0935€ O1 2.2812€ 01 1.2767F Ol
22 6.0800F 01 2.4369¢ 01 22 —1.07°CTE 01 2.4369 01 1.39%0F O1
23 6.0960F 01 2.5490¢ Ol 27 -1,5678E O1 2.5090F 01 1.8414% 01
2% 6.3246F 01 2.69)2 01 2 -1,3049F 71 2.6932¢ 01 1.487¢ 0}
25 6.5522€ 01 2.7292¢ Ol 25 -1,0421€ O1 2.7292¢ 01 [1.5296F O:
26 6,.7010f 01 2Z.7545F 01 26 —1.79226 00 2.7345€ 0] 1.5683¢ OI
27 7.01CA€ 01 2.779¢¢ Ol 27 -5.1678F N0 2.7798F 01 1.5947F O1
28 7.235C€ OF 2.8030¢ Ol 28 -2.535CE 00 2.80%0F O1 1.6880F 01
29 T.4876F Ol 2.8427¢ 01 29 -6.30G0E-01 2.8427€ O1 1.7412F Ol
30 T.6962€ 01 2.0803F 01 0 /] 2.8803€ Ol 1.8145¢F 01
31 T7.9240F 01 2.918% 01 31 2.9972F 00 2.9180F 01 1.A877F J1
32 8,1334€ 0! 3.1330¢ 01 32 5.9944F 00 JI.1330Ff 01 1.9609° Ol
33 B8.3820F 01 3.3480¢ 01 33 8.5616F 00 3.3480¢ Ol 2.034IF O}
34 8.61C6% O1 3.5630¢ O1 34 1.1329F 01 3.5830F 01 2.107sf Ot
3% $.6392€ 01 3,7780¢ O1 35 1,.3996F Ol 3.7780€ O1 2.1806F O1
36 9.0678€ 01 3.7940f 01 36 1.6663% 01 3.7940F 01 2.2%03F 01
37 9.2964€ 01 3.8100¢ 01 37 1.9330F 01 3.8100. O1 2.2837c 01
38 9.5250F 01 3.9624¢ 01 38 2.i556F 01 J3.962e€ Gi  é.3300t Q1
3% 9.7576¢ 0L a.tiebk O) 39 2.4665F Gl A.1148€ Ol 2,3797F O1
40 9.9822€ Ol 4.2672¢ 01 40 2.7332F O1 4.2572€ Ol 2.530%F 01
41 1.0211€ 02 4,4196¢ 01 Al 2.99G9F O1 4.4196f 01 2.4761F C}
42 1.06038€ 07 4.5720f O) 42 3.26€8F 01 A.ST206 01 2.5844F Ol
43 1.0668€ 02 4.7244F O} 43 3.5334F O1 4.7244€ O1 2.6932F O1
4 1.0700€ 02 4.8768¢ Ol 44 3.8001€ O1 4.8758F O1 2.7292F Ol
45 1.0711€ 02 5.0292¢ 01 45 <.0334F OI 5.07292F Ot 2Z.T6Ti€ Ot
4 1.076%€ 07 S.18L6f O} 46 4.2668F O1 S5.1816€ 01 2.8050F 01
A7 1.1026€ 02 5.3340€ 01 4T 4.%0G1€ O1 %.3340F 01 2.860%¢ Ol
48 1.1209¢ 02 5.36S7¢ O1 Y] S.,;857F 01 2.9160¢ 01
o 1.15%2€ 02 5.3973¢ 01 49 £.3973¢ 01 3.347T0F Ol
S0 1.1814F 02 5.4290¢ 01 50 5.4290F 07 3.8100F Ol
51 1,2077€ 02 S.6386f O1 51 5.5386€ 01 4.2672F O}
$2 1.230€ 02 5.8402¢ 01 52 5.84826 01 4.7244¢ OL
53 1.2603€ 02 6.0578¢ O} 53 6.0578€ Ol S.1816F O}
86 1.2866F 02 6.2674€ 01 Se 8.26745 01 5.6386F 01
55 1.3)129€ 07 6.4770¢ 01 ss 6.4T10E O1L 6.0578¢ Ol
56 1.33G2€ 02 &.7627¢ O} 56 6.7627¢ 01 8.4770¢f Ot
87 1.36%4F 07 7.0464f 01 57 7.0484€ 01 6.7627¢ 01
S8 1.3917F 02 7.3341€ 01 L1} T.3361E 1 7,0484f O1
59 1.4180F 02 7.0199€ O1 59 7.6199€ Ol 7.3381F 01
60 1.4443F Q2 7.90%6¢ Ol I 7.90%€ 91  1.6199F O1
el 1,4T706E 07 B.1913€ 01 61 80.1913¢ 01 7.9056F Ol
62 1,6989F 02 B0.4770¢ O} a2 0.AT70F Ot 6.4TT70¢ O1

63 1.5732¢ 02
o4 1.%494€ 02
o5 1.5685€ 02
66 1.5740E 02
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RADIAL AND AX{AL AMUNDARIFS FNR CONFIGURATION VI.8

SEY 1
173 r 1™ ® (Cmp

] [}
3.01606 00 2.4292¢ 00
6.0320¢ 00 3.2006F 00
9.0408C€ 00 5.217% 00
1.20¢4€ 31 6.401% 00
1.5080€ 01 ©.320% 00
1.00%6F Ol 9.6019€ 00
2.1112¢ 01 9.9333 00
2.4120€ 01 1.0046t OL
2. TUAAE O 1.01%56€ O1
3.0160F at 1.0269% O1
3.0320€ 01 1.0381€ O1
3.0420€ 01 1.2097¢ Ot
3.1720€ 01 1.317% 01
3.302%€ 01 1.4693 01
3.7627€ 01 1.577s€ 01
4,2230€ 01 1.72%9€ 01
4,6832€ 01 1.8374¢ 01
5.1435€ 01 1.9814F O1
%.6027€ 01 2.0972¢ O1
6.0640€ 01 2.2338c 01
6.0800€ 01 2.3%70¢ O1
6.09¢0¢ 01 2.5219¢ 01
6.3246€ 01l 2.0167E O}
6.9532€ 91 2.6303F 01
6.7818F 01 2.7072f O
1.0104¢ 01 2.7361F 01
1.23S0F 01 2.805%0F 01
T.4676E 01 2.8427€ 01
7.86962€ 01 2.8803€ 01
7.9248F 01 2.9180¢ 01
A.1534€ O1 3.1330€ 01
8.3820€ O1 3.3480¢F 01
8.61C6€ U1 3.5630¢F 0]
8.8392¢ 01 3.7T80€ 01
9.0670€ 01 3.7940¢ 01
9.2964€ 01 3.8100f 01
9.5250€ 01 3.96724F 0}
@ 78257 Gi 4.1148F 01
9.9022F 01 4.2872¢€ 01
1.0211E 02 4.419%€ 01
1.0439¢€ 02 4.35720¢ O)
1.0660F 02 4.7244F 01
1,0700F 02 4.8788€ 01
1.0731€ 02 95.0292€¢ 01
1.0763E D2 S5.1816¢ 01
1.1026€ 02 5.3340€¢ 01
1.1289¢ 02 9%.3657¢ 01
1.1952F 02 95.3973 01
1.1814€ 02 93.4290¢ 01}
51 1,2077F 02 5.6388€ Ol
52 1.2340€ 02 5.8482¢ 0V
3 1.2503F 02 6.0578F O1
5 1.208¢E 02 6.2674E 01
%5 1.M29E 02 6.47T0F oO1
56 1.3392¢ 02 6.7627¢ O1
57T 1.3654F 02 T.0404E 01
38 1.3917€ 02 7.3341€ 01
9 1.418GF 02 7.8199 01
60 1.4443F 02 7.90%6¢ O1
51 1.8T7CsE 02 0.1913€ 01
82 1.4969f 02 8.4770¢ 01
63 1.5232¢ 02
646  1.3484F 02
6% 1.5685¢ 072
6 1.3740€ 02

—
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RANIAL AND 3XTAL SN NDARIES FNE CONFIGIRATION FI.F 5-10 CALTULATINN

seY 1 sEY 2 A LASEEE |
tr3 1 1C9 a it & (Cwp T U™

~8.4%1ef O1 0 ] M

~6.223CE 51 9.607F-01L 7.86793-31 T.O2M1€E-I
~5.9944E I1 L1.371T% 00 1.5359F 00 1.4)42€ B
~5.7458€ 31 2.1999¢ 09 2.303AF 2 2.1063€ N
-5.5372E Ol 2.7434E 00 3.071I7E )0 2.8Q84€ 1)
~%5.304¢€ C1  3.5651F GO 3.8397% 20 3.510%E 0
~5.0800€ 01 4.1151F 00 &.8076F 20 4.1423E 00
-%5.0483€ 01 &.9169€ 07 S5.375%F 00 4. T741E J)
~9~-010TE Il 5.548695 00 6.1435F J) S.42%3€
~4.9850F Q1 6.2581€ 00 6.603+F ) 6.2378€ X
—4.7722€ 01 6.850% 07 7.080% 00 0.5592€ 20
~4.4%93€ 01 7.6514F 00 7.5048F 20 T1.080%€ 20
-4.1965F 01 8.23G2€ 00 T1.929%F 00 T.6577¢ 0
~3.9337€ Ol 9.0594F 00 3.704% 03 5.2550F 0
=3.6708F 31 9.6019% 0J 8.0834F 02 H.8I51F )
~3.40080F 01 9.9353E 09 9.6013¢ 1) 1.37152F
-3, 1452F Ol 1.0602¢ 01 9,9333¢ Ov 9.9353E X
10 -2.8423€ Ol 1.1269€ Ol 1,0602€ 01l 1.047SE I}
19 —2-619%E 01 1.1554€ 01 1.1209F Q1 1.1015€ 31
20 -2.356TE J1 1.22082€ 01 1.1556F 01 L.1554F 9]
21 -2.0938E C1 1.2836€ O1 1.2767F 21 1.2148F 0]
22 -1.8310E 31 1.3497F O1 L,9980F Q1 1.2743 O
23 -1.5€02F 31 1.4117€ 01 1.54i4F OI 1.3337E 01
26 ~1.3053F QL 1.4790¢ Ol 1.4874F D1 1.3931€ 01
2% ~1.0425€ 01 1.5399€ 01 1.5298F€ )1 1.4814€ J1
26 -7.7967¢ 90 1.6106F Ol 1,5683F J1 1.3296€ 01
27 -5.1884€ 00 1.4640€ 01 1.5947F )1 1.95947€ J1
2B -2.5600F 00 1.7307€ OF 1.6624E Ol 1.6401€ 21
29 -6.3500%-01 1.7941€ O1 1.7301F I 1.7287¢€ )
30 g 1.9637€ 08 1.7977¢ 01 1.8132F Ol
31 2,9972E 02 1.9243F 01 1.9656F 01 1.80654E 31
32 9.,9944€ 00 1.990%F 0! 1.9442F Ol 1.9851F O1
33 0.6061A€ 00 2.0%524€ Ol 2.0230F 01 2.0249€ 01
36 1.1328F 01 2.1196€ 01 2.1018F 21 2.1065F J1
35 1.3996F 01 2.1806E O1l 2.1806F J1 2.1804€ 01
36 1.06663F 01 2.269%€ 01 2.2503€ 21 2.2084€ Ol
37 1.933CE i 2.)087E 01 2.2837F Q1 2-269AF N
34 d.1998€ Ol Z.3p83t Ot 2.3307F 0L 2.)307€ O1
39 2.4665%€ 01 2.4169F 01 2,3797F I 2.3931€ Q1
40 2.7332€ 0L 2.6878€ Ol 2.430%F ol 2.4555€ Ol
41 2.9989€ O1 2.5650F 01 2.6761F 21 7-5196F OI
62 3.26066€ 01 2.6764E 01 2.5196° 01 2.589% N
43 3.9%334€ 01 2.6%32FE OF 2.6932F 01 2.6593F 01
46 3.8001F Ol 2.7297F Ol 2.7292f 01 2.7292F 01
4% 4.0334E Q1 2.7671E Ot 2.7671F 0L 2.7671E OL
46 4,28¢0E 0L 2.8050€ 0i 2.4050F 01 7.8057€ 01
47 4.5001€ 01 2.8619%F Ol 2.%615€ Ol 2.8615¢ 9}
48 &.BL1ISE 01 2.9180F O1 2.9180F Ol 2.918)F O1
49 5.1229€ 01 3.0%90¢ Ol 3.0200F 21 3.0200F Ol
50 95.399%4€ O1 3.2000€ Ot 13,2000t 01 3.7000€ O1
St 5.86T60F 01 3.6750F Ol 3,4730Ff Ol 3.4750F 01
S7  3.9525%€ 01 3.7500€ 01 3.7500F G 3.7529€ Ji
$3 £.2290€ N1 4.0290€ O1 3.,0250F OIL 4.0257€¢ O}
S6  5,5058F Cl  4.3000¢ 01 4.3000F Ol 4.3002E Ol
§% b.7821€ Ol 4,9750F Ol 4.8000f Ol 4.A0NAF Ol
So  T,0950€ Ol 4,95C0F 31 4.8500F J1l 4.8503¢ Ol
ST T.407SE Gl %,0920€ 01 9%.139%5€ 0l S.1395F Ol
58 T7.7209F 01 5.3340F Ol 5.4290F Ol 5.4290F Of
56  8.0338F 01 S5.3AI5F 05 5.A009F 01 5.8000€ 04
60 8.346TE 01 S5.4290€ 01 6.1000F M 6.1000€ /1
6l 8.659¢€ 01l 5.R000F 01 6.4000F 01 6.4000€ I
62 0.9726€ OL 6,29500€ 01 6.7000¢ 21 6.7000F O1
63 9.283% 01! 6.7000¢ O 7.0000f J2i 7.0000F O}
66 9.9598AF 01 7.1%00€ OF 7.3000F 31 7.3320) 01
6% 9.9112 01 7.6000€ 01 7.6000F 01 7.0000% J1
a6 1,0224F C2  7.9000f 01 7.3000F 0t 7.9000F Ol
67 1.0517€ 02 1.2000€ 0L 8.2000€ Ol 8.2000¢ 01
68 1.N8350F 02 A,5000F 01 4.5000F J1 8.%97)F 01

- e e P g g M
NPV E W N=O DB NP N~



SPATIAL COARSE MESH
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10 3000%°8
10 #0008°L
10 20009°L
10 0004°9
10 20000°s
{0 06ty
10 0040°Y
10 3000(°»
10 20088°C
10 30002°¢
10 208016°2
1o vete e
10 asdet°e
10 29698°1
10 dLves°!
10 d9661°1
00 36109°s

- maa o ——-—

init »
1 4ds

00 il

- ——

") »
U i

20 40600°Y
20 avl20°t

[LF R

10 10U’y
10 41261°

00 08¢s°2~
00 oL i~

(T3S
10 30L0%°c~
10 39C¢o°t~
10 a6 y-
10 200006~
10 deles°s~-

ind) 2

EAL IR B I

r2i

$°00 NUBIYONO) gNUD wUs S 3L AYONNUY MY dm 25WPLID

0°1) NOLAYUNOI SNUD W04 S 31 8YONAUY HSdm 338%00
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