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ABSTRACT

Experiments;carried;out in the third gas-cooled fast breeder reactor

- (GCFR) benchmark . critical assembly on the Zero Power Reactor-9 at Argonne
National. Laboratory were analyzed using meéthods. and computer codes employed
routlnely for de51gn and performance evaluations on power plant GCFR cores.
The program for the Phase III GCFR assembly, with a 1900-liter, three-
enrichment zone core, included measurements of reactlon—rate proflles in a
typical power flattened des1gn, studies. of materlal ‘reactivity coeffic1ents,
react1on ratio and breedlng parameter determinations, and comparison of pin
with plate fuel_loadlngs._ Calculated parameters to compare with all of the
measured resnlts were'oBtained using 10-group cross sections based on
ENDF/B-4 and two-dimensional diffusion theory, with adjustments for fuel-
cell heterogeneity and void-lattice streaming effects. In general, the
analytical predictions agree well with measurements, except for central-
worth discrepancies and U-238—capture/Pu;239—fiesion ratios, where calculat-
ional biases of 10% to 20% are observed, typical of analyses on liquid metal
fast breeder reactor critical assemblies. Additional study on streaming
effects is indicated. The report includes extensive details on the

analytical models and procedures.
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1. INTRODUCTION

The program for the development of a demonstration plant for a
gas—céoled fast breeder reactor (GCFR), includes plans (Ref. 1) for several
stages of critical ekperiments to validate GCFR core physics design methods.
The initial stage of these GCFR simulation studies, carried out on the Zero
" Power Reactor—9 (ZPR-9) machine at Argonne National Laboratory (ANL) and
completed in 1976, was a series of three simple assemblies, with only clean
core/blanket geometries, to study basic GCFR physics characteristics. This
first stage has been designated the benchmark series of GCFR critical
experiments. = Future progressions of GCFR critical experiments include those
of the pre-engineering mockup critical (pre-EMC) series through to the
engineering mockup, which will attempt to closely model the detailed final

demonstration plant core design.

In the benchmark series of experiments, the first assembly, Pﬁase—l
(Ref. 2), was a demonstration size (for a 300-MW(e) plant) system with a
4100-liter core pf a single enrichment (17.1%Z). Except for the uniform cost
and overall geometric simplicity, the Phase-I assembly closely matched the
reference plant design in core size and average enrichment, with a 55%
volume fraction for coolant (void space used in these mockups). The Phase I
study proved valuable as a first-of-a—kind, large GCFR-like fast-neutron
assembly, showing no problems in the analytical interpretation using methods
previously validated predominantly by analyses of sodium-cooled fast

critical studies.

The Phase Il GCFR benchmark criticéi assembly (Ref. 3) was a 1300-
liter—core condensed version of the Phase I system achieved by reducing the
void (coolant) volume fraction to 45%. The basic emphasis of the Phase II
experimental program was an extensive study of simulated steam entry (Ref.
4) into the coolant channels and tﬁe effects of such on basic physics

characteristics. Analysis at General Atomic Company (GA) of these studies
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(Ref. 5) has contributed significantly to the development of better physics

methods and to understanding of the GCFR core characteristics.

This report concerns the last of the GCFR benchmark studies, the Phase
III GCFR critical assembly. In Phase III, the core contained three radial

enrichment zones with a total volume of 1912 liters. The basic objective

was to evaluate the ability of the methods to predict power distributions in

a typically zoned GCFR core. Another study with the Phase III system
involved replacement of the usual ZPR plate drawer loadings in a central
core zone with a pin loading more like that of the power reactor core. The
measured effects due to the pin/plate exchange provide tests of comparable
rod-fueled designs and aid in reducing the uncertainties in interpolation of

the critical assembly results to the real GCFR design.

Full details on the design of and the experimental results from the
Phase III study have been reported by Morman (Ref. 6), along with the
results of the ANL post-analysis bf the Phase III work. The reference core
analytical models used in the GA calculations were adopted directly from the
ANL Phase III report. In many ways, the basic analytical procedure used at
GA is similar to that of the ANL analysis, except that at ANL a 28-group
cross section structure was adopted, whereas at GA the anélysis utilized
10-group cross sections as has been standard for the design and performance
calculations for the GCFR. The sections that follow contain a brief
description of the Phase III assembly and a revieﬁ of the GA methods for
analysis. Results of GA calculations are then compared with the
measurements in several categories. Also, some comparisons of the GA
analytical results with ANL calculated data are made to assess the
limitations of using the broader group structure. Finally, attempts are
made to quantify the calculational biases inherent in the GA analytical
methods combined with the basic cross section data used [ENDF/B-4 (Ref.

).

1-2
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2. DESCRIPTION OF THE PHASE III ASSEMBLY
2.1. ASSEMBLY DETAILS

The ZPR-9 at Argonne, Illinois, is one of the split-table critical-
assembly machines in the U.S. and-abroad'employed‘for studying the
physics characteristics of fast neutron reactor systems. The halves ofAthe
reacter, on the fixed and movable tables, consist of square arrays of steel
matrix tubes (45 tubes by 45 tubes), each of which is 5.52 cm (2.17 in.)
v square and 122 cm (48.03 in.) long. .Steel trays or drawers, loaded with
longitudinal columns of fuel, fertile, and diluent plates, are installed in
the matrix tubes in prescribed arrays to provide the core, blanket, and
reflector regions for the fast reactor configuration under study. Although
operated at low power (1 kW or less), measurements on an assembly provide
physics parameters, such as critical size, power profiles, reaction rate
profiles, reactivity coefficients, and neutron spectral indices

representative of similar design power reactors.

Figure 2-1 is a view at the interface (between halves) of one quadrant
of the Phase III GCFR assembly, showing the radial outlines of the core
zones, the radial blanket, and the reflector; the other three quadrants were
symmetrically arranged in the reference critical loading. (For simplicity,
the positions of the normally withdrawn ZPR operational control rods are not
shown.) The core is radially zoned similarly to the expected core design in
the GCFR demonstration plant, given the limitations inherent in the ZPR fuel
inventory on mocking up specific enrichments. For the Phase III system, the
enrichments (percent fissile plutonium in heavy metal) of 13.1%, 17.3%, and
25.5%, respectively, for core zones 1, 2, and 3 were selected based on

pre—analysis predictions of radial power flattening combinations.

Table 2-1 summarizes the basic geometric details and makeup of the

Phase II1 assembly and indicates, as a representation of a GCFR, the

2-1
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BASIC SPECIFICATIONS OF-PHASE III CRITICAL ASSEMELY

TABLE 2-1

REPRESENTATION OF GCFR

Core

: Mixed-oxide fuel kPuD -U0,) or uranium oxide simulated by combinations of Pu-U-Mo
plates, Fe203 plates, and U

3

07 p¥ates.

Reactor Core Core Axial Radial Axial " Radial
Region Zone 1| Zone 2| Zone 3| Blankets Blanket Refectors Reflectors
Drawers per half 229 192 92 513 508 513 332
Region length, cm 122.08| 122.08] 122.08| 30.48 ea 183.04 15.49 ea 183.04
Outer radius, cm 47.17 | 63.95 | 79.60 | 70.60 99.59 70.60 114.65
Volume, liters 853.2 | 715.4 | 342.7 | 954.4 2837.9 485.0 1855.0
Effective volume
fractions
Fusl or fertile'® |[30.7- | 31.1 | 316 | 37.3 42.1 -- -
Steel 20.5 | 23.5 | 26.5 | 14.4 14.4 88.4 92.3
Coolant (void) 48.8 45.4 39.9 48.3 43.5 1.6 7.7
Heavy netal mass, kg 2309.8} 1959.4] 955.1 3096.5 10406. 1 - -
Fissile enrZchment, 13.1 17.3 25.5 Depleted U} Depleted U | -- -
at. %
" Calculated Sowér data
Region power 0.425 0.345¢&| 0.1775{ 0.0135 0.0382 -— -
fractionm - -
Region peak/average]| 1.417 | 1.435 | 1.367 |-3.065 4.628 - -
power density
Region peak/core 1.424 | 1.396 | 1.493 | 0.087 0.126 - -
density .
(a)

alloy



regional power splits. In terms of size, the 1900-liter total core volume
would be typical of a power reactor of about a 130-MW(e) rating, based on
current assessments of a maximum GCFR fuel rod power rating. As specified
by Fig. 2-1-and Table 2-1, the Phase III reference configuration contained
888 kg fissile plutonium (Pu-239 + Pu-241) and had an available excess reac-
tivity of 215 inhours (Ih) (about $b.66), based on the measured worths of

» partially inserted ZPR-9 control rods at criticality. The clean just-
criticaljmass (all rods withdrawn) would have been 880 kg fissile

plutonium.

Typical loadings of the drawers installed in the various regions of the
assembly are shown by front views in Fig. 2-2. For the core zone 1 plate
1oéding [Fig. 2-2(a)], the combination of two 0.635-cm (0.25-in.) thick
columné of U30g with a column of plutonium-sandwich [a 0.635-cm (0.25-in.)
Pu-U-Mo alloy plate between 0.3175-cm (0.125-in.) thick Fej03 plates]
provided the simulation of 137% enriched mixed oxide fuel (Pu0O-U0O2). For
core zone 2, the unit cell loading (not shown) consisted of three drawers
containing a distribution of four columns e#ch of the U30g and the plutonium
sandwich; this was the core cell used in the uniform-core-enrichment Phase
11 assembly to represent 17% enriched Pu0O-U0Oj. For core zone 3, the 25.5%
enrichment was attained with a single drawer cell containing two columns
only of the plutonium sandwich. For all three core zone cells, the coolant
channels, simulated with void cans of 0.635-cm (0.25-in.) and 1.25-cm
(0.5-in.) widths, summed to an average of 2.54—cﬁ (1-in.) width per drawer

to yield a total void fraction (including other gaps) of ~45%.

Figure 2-2(c) indicates the material loading in the core zone 1 drawers
- beyond the 60.96-c¢m (24-in.) core half height to represent the axial blanket
region; it shows how the coolant channels are continuations of ‘the core
region voids and the fuel materials are replaced By fertile plates only
(depleted uranium and U30g). A similar loading scheme was utilized for the
zones 2 and 3 axial blankets, maintaining the void channel continuity from

the core and providing a relatively uniform composition axial blanket with

2-4
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45 vol % void. For the radial blanket, the fertile material concentration

was larger at the expense of a reduced coolant fraction (40%).

Figure 2-2(b) shows the calandria loading for the center of the core
zone 1 used as a match for the Fig. 2-2(a) plate cell. The fuel pins loaded
into the voided calandria tubes were composed of PuOs and UO9 integrally
mixed at a 13.1% enrichment; in the pin zone blanket, the tubes contained
depleted UOg. Comparison of the cells in Figs. 2-2(a) and 2-2(b)
illustrates the more highly heterogeneous nature of the ZPR plate cells than
the typical GCFR subassembly, considering the partial split of fissile/
fertile materials, the larger mean chord length of the fuel, and the bigger

coolant channels.

The reflector regions surrounding the blankets of the assembly were
constructed from solid blocks of type 304 stainless steel, loaded directly
into the matrix axially behind the core drawers or filling 91.44-cm (36-in.)
drawers for the radial reflector. Thus, the neutron streaming paths
provided by the coolant channels terminatec at the blanket/reflector
boundaries. Within each core zone, the repetiticus cell arrays provide
continuous vertical slabs of void, but the boundaries between core zones

present some interruptions of these streaming paths.

More detailed descriptions of the drawer and regional loadings can be
found in the report by Morman (Ref. 6). The region average compositions and
corresponding geometric models, as used in both the ANL and GA analyses,

have been included in the Appendix.

2.2. EXPERIMENTAL ASSEMBLY REACTIVITY DETERMINATIONS

The experimental report identifies several assembly configuration
variations for which the criticality status is listed, including repeats of
the reference configuration defined above. Table 2-2 lists the
configurations pertinent to the analysis carried out here, including the

core loadings, the run dates, and the measured available reactivity. The
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SUMMARY OF EXPERIMENTAL REACTIVITY EVALUATIONS FOR REFERENCE

TABLE 2-2

CONFIGURATIONS OF PHASE III GCFR CRITICAL ASSEMBLY

-

; Fissile Pu| "~ Measured Reactivity Adjusted fdr
§ Core Loading as Available Decay of Pu-241 since
Drawers | of Loading | Excess Re- 7/1/75(a)
Loading per Date activity, Equivalent
Configutration Date Half (kg * 0.2) (Ih) Th k(b)
i .
Reference 7/1/76 513 888.05 214.5 £ 1.7 | 258.3 * 4.7 1.00277 .+
critical " ' 0.00005
Edge worth 7/8/76 509 877.43 -81.0 * 1.4 | -36.4 * 4.7 | 0.99961 %
study - v 0.00005
Repeat 8/18/76 513 887.98 193.1 + 2.2 | 242.8 £ 5.4 | 1.00261 *
reference 0.00005
Pin-zone 8/27/76 511 882.66 +44.3 * 2.5 95.1 x 5.6 | 1.00102 *
reference (de- : 0.00006
duced using
edge worth)
Pin-zone loaded |8/28/76 511 882.57 +12.6 + 1.2 | 63.5 = 5.2 | 1.00068 *
0.000056

(a)
(b)

Correction of -0.12 IL/day azdopted from ANL analysis (*10%).

Conversion factor of $33.9 Th/% k adopted from GA analysis.



table also gives reactivity values adjusted by the worth of the decay.df
Pu-241 from July 1, 1975, to the run dates listed; this correction was
required to properly correlate the measurements with the analysis wherein
the ANL specified co%positions involve a plutonium-isotopic makeup evaluated
as of July 1, 1975. The cofrection factor, -0.12 Ih/day, was based on

ANL calculations. An equally acceptable.cbrrelation could have been
achieved by adjusting the compositions for the decay of Pu-241 into Am—241

as of each run date, but this would be more tedious.

Configuration 2 in Table 2-2 was created by removing four core zone 3
drawers per half and replacing them with radial blankgt drawers in an
experiment to evéante the core edge fuel reacﬁivity.coefficient. In
reference to the quadrant view in Fig. 2-1, the exchanged drawer was in
matrix location 12/17 (row/column), and the other seven drawers were the
symmetrical locations in the other quadrants in both halves. The measured
total reactivity change of 295 Ih equals 36.9 * 0.3 Ih/drawer or 27.9 Ih/kg

fissile plutonium content.

In the configurations 4 and 5 in\Table 2-2, there were two less core
-drawers per half than the reference Phase III loading in the locations 12/17
and 34/17. The differences in reactivity between these final cases express

the effect of the exchanges of pin fuel for plate fuel in a central core

region; this experiment will be examined in detail in Section 9.
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3. ANALYTICAL METHODS

The analyses of these”benchmark series GCFR critical assembly
expefiments have been carried out with a procedure which parallels the
methods employed for GCFR core design, but with additional precautions due
to the more heterogeneous nature of the plate assembly loadings. This
process involves the derivation of region appropriate cross sections from
the basic cross,section‘library [ENDF/B-4 (Ref. 7)], édjusting the cross
sections to account fbr cell heterogeneity, deriving correction factors for
diffusion theory calculatioﬁs to effect the neutron streaming through
coolant channels, and performing the diffusion code calculations to
determine loading reactivity status and reaction rate distributions.
Additionally, for the critical experiments, measurements of small sample
reactivity coefficients are analyzed utilizing first-order perturbation
theory. A preliminary description of the codes and methods involved in this

process at GA has been reported by Merrill (Ref. 8).
3.1. PROCESSING OF ENDF/B-4 BASIC NUCLEAR DATA

Figure 3-1 shows how basic nuclear data on the ENDF/B tapes are
channeled into three components for subsequent use in GGC—S.(Ref. 9), the
spectrum computer code in current use at GA for fast reactor analysis. The
fine group average GAM data for structural materials and for fuel iéotopes
in the range above about 7.5 keV are prepared with GFE4 (Ref. 10). The GFE4
program includes an option to average cross sections using a finite-dilution
(1/E x 2 - total) flux weighting to effect self-shielding of resonances; for
each material processed, a dilution factor o, is added to the material
Ototal to provide total scattering-per-material-atom appropriate to the
material dilution in the cell mixture considered. Beforehand estimates of
fast-range macroscopic total cross sections are thus required to estabish g,

.'V&luEB which will properly shield the scattering resomances in the
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structural elements. This treatment is necessary for accurate prediction of

the leakage component of a reactor neutron balance.

'~ The computer code GAND3 (Ref. 10) processes the resolved-resonance
parameters on the ENDF/B tapes to reconstruct, by material, cross section
variations on a hyperfine energy grid (214,000 points) in the range of 0 to
7.5 keV. The resulting GAR tape data are used in the GAROL section of
GGC-5.

The GANDY (Ref. 11) section of GGC-5 utilizes unresolved resonance
parameters by material derived from the ENDF/B tapes with separate utility

codes.
3.2. GENERATION OF BROAD GROUP CROSS SECTIONS

The GAROL section in GGC-5 calculates hyperfine flux spectra in a
two-region (fuel/diluent) cell according to integral transport theory and
averages cross sections over the fine groups in the resolved range. The
method thus accounts for overlapping of resonances for different materials
in the fuel region and also for the interactions with structural-material

resonances in the diluent region.

The GANDY routine in GGC-5 generates the fine-group cross sections in
the unresolved resonance range using the narrow resonance approximation,
accounting for heterogeneity by the equivalence principle with appropriate

Dancoff factors.

With all ranges of fing—group data available, the GAM section of GGC-5
carries out a fundamental mode solution of the B, equations for a
‘homogenized éell composition. The 99-group flux-and higher moments thus
generated are then used to collapse the fine-group cross sections to any
number of broad-group structures, as dictated by the pending applications.
For the Phase III analysis, the basic study reported herein utilized a

10-group structure, but 28—, 4-, and l-group collapses were generated for



possible future use. The GAM solution also incorporates input buckliﬁgs,
"constant or varying by broad group, to represent spatial leakage effects on
the spectrum. Table 3-1 defines the ten-group energy structure and lists
some calculated spectra.

Because of the significant differences in the heterogeneity structure
of the three Phasé II1 zone cells, it was considered necessary that separate
GGC-5 runs be run for each cell type. (For the power-plant design, a
generation of a single cross section set for the average enrichment cell is
considered sufficient;)A Also, because of the two-region limitation of the
GAROL routines two seﬁarate GGC-5 cases were run to generate appropriately
shielded cross sections for the U-238 in the Pu-U-Mo column and in the U30g
columns of the core zone 1 cell. Similarly, for core zone 2, two separate
GGC-5 cases were utilized because of the plutonium/fertile split, but these
cases actually had been previously run during the post-apalysis of the Phase
I1 assembly, wherein the whole core consisted ofvthe 17%Z enrichment,

three—drawer cell.

Likewise, for the radial blanket, the axial blanket, and the reflector
regions of the Phase III assembly, the adopted multigroup cross sectiéns
were derived from GGC-5 cases run prior to the post—analyses of Phase II
experiments. In these céses, region 1 of the GAROL cell consisted of an
average fertile-material plate with the width as an average of the blanket-
cell U30g plus depleted-uranium clusters. The siight changes in blanket
cell loadings between Phase II and Phase III did not warrant the regenera-
tion of cross sections, although, of course, the newer atomic mixing

densities were used in the neutronics calculations.

Input specifications for the new GGC-5 cases run in the Phase III
analysis are given in the Appendix. These include the cases for the zone 1
plate and pin cells and for the zone 3 core cell. The specifications for
the previously run cases were ‘included in the report on the GA steam~worth

énalysis for Phase II (Ref. 5).



TABLE 3-1

NEUTRON CROSS SECTION GROUP STRUCTURE AND COMPARISONS OF CALCULATED

CORE CENTER SPECTRA

Calculated Real Flux Spectra . .
Lower Group t Core Center (% in group) Fission
Energy Width a 2 group Calculated Spectrum
Group Limit (2} Lethargy | Reference Reference Central Adjoint Spectrum at(b) Used
No. (eV) Units RZ Geometry | XY Geometry | Pin Zone | Reference Core Center (% in group)
1 3.67 x 106 l 1.40 1.495 1.496 1.511 1.2672 15.143
2 1.353 x 106 1.00 7.348 7.350 7.416 1.0059 43,193
3 4,979 x 105 1.00 17.734 17.738 17.962 0.9072 28.599
4 1.832 x 105 1.00 20.667 20).669 20.916 0.8569 9.7392
5 6.738 x 104 1.00 21.292 21.290 21.363 0.8978 2.5464
6 12.479 X 104 1.00 14.063 14.060 14,139 0.9846 0.6025
7 ;9.119 X IO3 1.00 10.093 10,090 9.801 1.0569 0.13737
8 {3.355 x 103 1.00 %.066 4,065 3.915 1.1157 3.089 x 10_2
9  14.540 x 102 2.00 3.009 3.008 2.818 1.3313 8.458 x 10_3
10 4.140 x 10“ 7.00 0.233 0.234 0.159 1.4378 4.436 x 107
(a)Upper boundary for group 1 at 14.918 MeV.
(b) '

Normalized to unity for average fission spectrum neutron.



3.3. HETEROGENEITY ADJUSTMENTS

Figure 3-2 charts the additional procedures involved in correcting the -
cross sections for the effects of the heterogeneous structure of the ZPR-9
cell loadings, either the plate type or the pin type. The various material
regions of the cell are explicitly modeled in a one-dimensional
discrete-ordinates calculation using the code DTFX*. Macroscopic in-plate
(or in-pin) cross sections for the cell regions are extracted from the
pertinent core zone GGC-5 outputs. The group-wise ratios of material'region
fluxes to the cell average fluxes thus calculated are the heterogeneity (or
flux-advantage) factors for correcting the cross sections used in the
homogenized core regions in the diffusion calculations. For the blanket
zones, such corrections were not generated, since it has been found in the
past that the factors are near unity and have insignificant effects on

calculated reactivities.

For the plate core zone cell calculations, using the slab geometry
option in DTFX, the distinct regions modeled included the Pu-U-Mo, U30g,
Fep03, the clads of the plutonium and of the voids, the low density voids,
and the vertical matrix elements; the horizontal matrix structure was
smeared into the vertical regions of steel and the voids. Transverse
leakage was represented by group dependent pseudo-adsorber terms (DBZ) added
uniformly to all regions to avoid difficulties from utilizing input
bucklings with low-density channels. The group DB2 values used for the
pseudo—adsorption were derived from preliminary diffusion calculations for

the assembly. .

For the pin cell configuration [Fig. 2-2(b)], which was loaded as a
special experiment into a central region of core zone 1, the cylindrical
geometry optioﬁ of DTFX was employed. Here, a.three-region model was

defined with the central region as the fuel pin (Pu0j.U02) enclosed in steel

*DTFX is an extensive GA revision to the one-dimensional transport theory
code IDFX-A (Ref. 12).

E



GAROL . GGC-5

TWO-REGION . P

FLUX SECTION P3

FACTORS™! c IN-PLATE
CROSS

SECTIONS

DTFX DTFX

SLAB CELL PIN CELL
CALCULATION CALCULATION

PLATE OR
PIN CELL
FLUX
FACTORS

IN-PLATE
CROSS
SECTIONS

CROSS SECTIONS

PLADIF OR PINDF

(BENOIST
THEORY CODES)

CELL DIREC-
AVERAGE TIONAL
~ CROSS DIFFUSION
SECTIONS MODIFIERS

MATERIAL TRANSPORT

208 PERT
FLUX DISTRIBUTIONS FOR
R-ZDIFFUSION = ReAcTiON AND REACTIVITY ~ |  MATERIAL
CALCULATIONS MAPPING | WORTHS

Fig., 3-2. Adjustments of cross sections for cell heterogeneity and
streaming



cladding and surrounded by a diluent region of the coolant channel with

smeared—in steel of the calandria jacket and the matrix.

For the Phase 3 cell calculations, all of the DTFX cases used order-
P3 anisotropic cross sections and an order-16, half-range Gauss-Legendre
quadrature (Ref. 13) (designated S;g-double Pn, or Sjg DPn). A description
of the models adopted is given in Appendix. Typical results of the
calculations are given in Table 3-2, listing the derived flux advantage
factors by group for the principal fuel and fertile materials in the three
plate core cells and in the pin core loading. Comparisons of the various
data columns in the table reveal the much stronger heterogeneity influence
in the plate ZPR cells than in the pin cell, which closer resembles a power

core.
3.4. NEUTRON STREAMING EFFECTS

Conventional diffusion—theory calculations using homogeneous isotropic
diffusion parameters.are known to substantially underpredict neutron
leakage through lattices with void or near-void coolant channels, as found
in the GCFR or its plate mockup. Benoist (Ref. 14) provided a theory for
deriving directional-dependent coefficients which allows treatment of such
anisotropic leakage within the framework of diffusion theory. The code
PLADIF, a GA adaptation of an ANL code by Kier (Ref. 15), uses the Benoist
method to evaluate modifiers to cell average diffusion coefficients for
difections parallel and perpendicular to the plates in a one-dimensional
slab geometry cell as pertains to the ZPR drawer loadings. At GA, the
computer code PINDF3 (Ref. 16), also based on the Benoist method, is
routinely employed for determination of the anisotropic streaming
corrections for rod GCFR fuel assembly lattices. Thus, PINDF3 is applicable
for analyzing the streaming properties of the calandria loading used in
Phase III. A review of the Benoist algorithms used in the PLADIF code can

be found in the Appendix of the Phase II steam study report (Ref. 5).



TABLE 3-2
COMPARISON OF HETEROGENEITY CORRECTION FACTORS DERIVED FOR CROSS
SECTIONS USED IN PHASE III CALCULATIONS

Fuel Plate Flux Advantage Factors

Calgggfia: Core Zone '1 Plate Cell Core Zone 2 Plate Cell Core Zome 3
Group Pu0,-U0, Pu-U-Mo U30g Pu-U-Mo U50g Pu-U-Mo
No. Fuel Rods Plate Plate Plate Plate Plate
1 1.0190 1.2188 0.9506 1.1628 0.9635 1.1113
2 1.0077 1.1169 0.9678 1.0849 0.9752 1.0532
3 1.0009 1.0359 0.9900 1.0273 0.9918 1.0186
4 1.0008 1.0114 0.9986 1.0103 0.9990 1.0095
5 0.9999 0.9957 1.0016 0.9972 1.0014 0.9985
6 1.0028 .0.9893 1.0081 0.9927 1.0091 0.9971
7 0.9973 0.9824 1.0008 0.9840 0.9994 0.9844
8 0.9995 . 0.9667 1.0092 0.9708 1.0093 0.9749
9 0.9950 0.9425 1.0126 0.9475 1.0112 0.9536
10 0.9892 0.8695 1.0319 0.8759 1.0327 0.8988




As shown in Fig. 3-2, the input to the streaming modifier code includes
transport cross sections for the material regions of the cell and the DTFX
output cell flux distributions. For the PLADIF code, the cell descriptions
are similar to those ﬁsed in the DTFX slab models, except that plate
densities are smeared over the full height of the ZPR unit matrix [5.5245 cm
(2.175 in.)], and the horizontal structure is uniformly distributed over the
full cell; thus, the voids are assigned a steel density on the order of 5

vol %.

The PINDF3 code utilizes a two-region-only model, and for thé.Phase
III pin zone case, the central region contained‘a smear of the fuel pin with
its cladding, and the outer region was the diluted-steel plus void mixture
used for the pin cell DTFX case. As found later, this procedure probably
overestimates the obstructions to streaming in the coolant channels and,

thus, underestimates the anisotropic diffusion modifiers.

) PLADIF problems were run in the ten-energy-group structure for
full-width models of each of the three plate core zone cells, for egch of
the three differing axial blanket zone cells, and for the radial blanket
cell. A PINDF3 case was needed for each of the core loaded and blanket
loaded calandria .cells. Table 3-3 lists the modifiers given by these .
Benoist theory calculations, expressing the ratios of the cell bidirectional
diffusion coefficients to the normal homogenized media isotrbpic diffusion -
coefficients. Comparison of the data for the pin and plate loadings shows

substantially higher streaming corrections for the rectangular ZPR void

channels than for rod lattice voids.

Diffusion theory codes at GA have been modified to use
directional-dependent diffusion coefficient modifiers to effect the
preferential leakage, or streaming, through the coolant channels in either
pin or plate geometry. For the calculations in R=Z geometry for Phase III,
the PLADIF output parallel modifiers (Dy) were used for the axial (Z)
direction, and arithmetic averages of the parallel (Dj) and perpeﬁdicular

(D)) parameters were used in the radial (R) direction. In the XY-geometry
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ANTSOTROPIC DIFFUSION COEFFICIENT MODIFIERS FOR PHASE IIT ANALYSIS

TABLE 3-3

Core Core Plate Cells Axial Plate Axial Blanket
Group Zone 1 Zone Zone Zone Blanket Zone Zone. Zone Radial
No. Czlandria 1 2 3 Calandria 1 2 3 Blanket
Parallel to
plates or rods
1 1.0202 1.0891 1.0882 | 1.0817 1.0784 1.0550 A1;0483 1.0423 | 1.0268
22 1.0247 1.08%7 | 1.0872 | 1.0818 1.0226 1.0664 | 1.0589 | 1.0510 | 1.0333
3 1.0359 1.1113 1 1.1038 | 1.0993 1.0330 1.0991 1 1.0882 | 1.0802 | 1.0605
4 1.0558 1.1619 | 1.1483 | 1.1379 1.0520 1.1504 [ 1.1340 | 1.1215} 1.0961
5 1.0584 1.1670; 1.1562 ) 1.1480 1.0537 1.1508 | 1.1335) 1.1199 | 1.0858
6 1.0652 1.1872 [ 1.1807 | 1.1693 1.0596 1.1565 [ 1.1355| 1.1203 | 1.0746
7 1.0727 1.1805| 1.1656 | 1.1598 1.0660 1.1702 |} 1.1505 | 1.1354 } 1.0957
8 1.0783 1.2057 | 1.2022 | 1.1859 1.0712 1.1744 1 1.1519 | 1.1395 | 1.0832
9 1.0780 1.2017 1 1.2012 ] 1.1869 1.0669 1.1670 | 1.1445 | 1.1298 | 1.0763
10 1.0857 1.2155] 1.2255 | 1.2082 1.0681 1.1637 | 1.1417 | 1.1286 ] 1.0758
Perpendicular to |
~ plates or rods
1 1.0100 1.0284 1 1.0298 | 1.0272 1.0092 1.0014) 1.0014 | 1.0011 | 1.0010
2 1.0123 1.01591 1.0174 | 1.0156 1.0113 1.0020 | 1.0019 } 1.0014 | 1.0014
3 1.0178 1.0075| 1.0038 | 1.0093 1.0164 1.0033 | 1.0033§ 1.0026 [ 1.0028



TABLE 3-3 (Continued)

Core Plate Cells Plate Axial Blanket
Core - Axial
Group Zone 1 Zone Zone -Zone Blanket Zone Zone Zone | Radial.

No. ) Calandria 1 2 3 Calandria 1 2 .3 Blanket

. (Tt

Perpendicular to
plates or rods

" 1.0278 | 1.0097| 1.0107 | 1.0104 | 1.0260. |1.0073 |1.0074 | 1.0059

4 1 1.0065
5 1.0293 | 1.0103 | 1.0117 [ 1.0100 | 1.0269 | 1.0084 |1.0085 | 1.0067 | 1.0066
6 1.0331 | 1.0156 | 1.0185 | 1.0139 | 1.0303 [1.0130 |1.0120 | 1.0095 | 1.0086
7 1.0366 | 1.0111|1.0117 | 1.0084 | 1.0332 | 1.0117 [1.0117 | 1.0093 | 1.0088
8 1.0411 | 1.0249 | 1.0303 [ 1.0200 | 1.0373 [ 1.0248 |1.0222| 1.0204{ 1.0189
9 1,0403 | 1.0175 | 1.0228 | 1.0132 [ 1.0346 [ 1.0185 |1.0167 | 1.0142| 1.0120

10 1

1.0448 1.0167 | 1.0261. 1 1.0132 | 1.0354 1.0204 §1.0182 ) 1.0160| 1.0143




2DB (Ref. 17) cases, the perpendicular coefficients were used in the

X-direction and the pérallel coefficients in the Y-direction.
3.5. DIFFUSION THEORY CALCULATIONS

The basic neutronics calculations in this Phase III analysis were
carried out with a GA modification of the two-dimensional diffusion theory
code 2DB (Ref. 17). Thé RZ and XY models adopted for the Phase.III
reference and other configurations are specified in the Appendix, including
details on the mesh structure. Direct solution 2DB cases. provided the
configuration eigenvalues and the real flux distributions for determining
reactibn fate and power profiles. For the basic reference, an adjoint
solution was also obtained as required for calculations of delayed neutron

effectiveness and the material reactivity coefficients.
3.6. PERTURBATION THEORY CALCULATIONS

The first-order perturbation theory code PERT (Ref. 18), an ancillary
package to the 2DB code, was utilized for the above-mentioned determinations
of Beta-effective and material worths. For these calculations, PERT
requires both real and adjoint fluxes and input delayed neutron parameters.
The flux solutions for only the RZ reference configurations were applied

for the perturbation calculations.

The isotopic delayed neutron parameters adopted for input to PERT were
identical with the ENDF/B-4 data reporﬁed by Pond (Ref. 2); this included
five families of six—delay-group parameters (by the five majof isotopes) and
the associated isotopic yields and delayed neutron spectra. Results of the
GA 10-group evaluation of the average Phase III delayed neutron parameters
are given in Table 3-4. The GA assessment of the reactivity conversion
factor (933.9 Ih per Z Ak/k), necessary for correlation of measured énd
calculated reactivity changes, is about 2% lower than that obtained by the

ANL 29-group analysis.
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TABLE 3-4

CALCULATED DELAYED NEUTRON PARAMETERS FOR REFERENCE PHASE III GCFR

CRITICAL ASSEMBLY

Delayed Neutron Fractions x 105
Faﬁii& N . Delay Group No. Tsotope
No. | Components 1 2 3 4 5 6 Totals
1 ‘ U-235 0.2248 1.3704 1.1312 2.4669 0.7758 0.1576 6.1267
2 U-238 2,2679 25,723 28.724 68.918 39,753 13.251 178.6369
3 Pu-239, PU-238 5.5668 43.648 31.750 48.687 15.289 5.1953 150. 136
4 Pu-240, Pu-242 0.1873 1.9744 1.3006 2.4249 | 0.8963 0.2004 6.9839
5 Pu-241, Am-241 0.0729 1.7765 1.2654 2.8806 1.3443 0.1182 7.4579
Group totals 8.3197 74.4923 - 64.1712 125.3744 58.0584. | 18.9225 | 349.34
Effective decay 0.01299 0.03144] 0.13599 0.34691 1;3742 3.800
constant)\, s~ | ‘ ' :
‘Summary: Effective delayed fraction = 3.4934 x 10:;
' Inhour = 1.0708 x 10 ~ Ak/k
‘Conversion factors = 933.9 Ih/% k
326.2 Ih/$”8

Generation time

40.99 x 10 ° s



4. CRITICALITY CALCULATIONS

Table 4-1 summarizes the results of the RZ- and XY-geometry 2DB
caléulations carried out on the various configurations defined in the Table
2-2 list of measured criticality states. For some of the configurations;
the calculations were repeated with the diffusion modifiers deleted (using
normal isotropic diffusion parameters) as an assessment of the worth of
streaming. In Table 4-2, calculated éigenvalues are compared with measured
results, and the bias of the calculational procedure is established.'

Specific models and experiments are discussed below.
4.1. REFERENCE CONFIGURATION, CYLINDRICAL GEOMETRY

~ Cases 1, 2, and 3 in TaBle 4-1 are for the reference Phase III
configuration calculated in RZ geometry with progressive additions of the
neitron streawming currecltlons. The total streaming correétion from case 1
to case 3 amounts to -1.64% Ak/k, and according to case 2, the effect is
composed of -0.95% Ak/k due to axial streaming and -0.69% Ak/k due to
radial streaming. Similar components were evaluated for the Phase II

assembly analysis (-1.7% Ak/k total) (Ref. 5).

Table 4-2 shows that the calculated k for the Phase III GCFR reference
configuration given by the RZ-2DB case is lower than the measured
k by 1.37% Ak/k, or the calculated to experimental ratio (C/E) for the
eigenvalue evaluation is 0.9864. Compared with the ANL-analysis C/E of
about 0.983, there is a difference of 0.3%, which is typical of past GA/ANL

k~calculation comparisons.
4.2. REFERENCE CONFIGURATION, XY GEOMETRY

For the XY-model 2DB calculations, the input axial-leakage paraméters

were DB2 pseudo-absorber cross sections, by group and by radial zone,
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TABLE 4-1

GCFR CRITICAL ASSEMBLY

EIGENVALUES CALCULATED USING TWO-DIMENSIONAL DIFFUSION THEORY FOR REFERENCE LOADINGS OF PHASE III

Regidnal
Diffusion
2DB Configuration; No. of Core |Core OQuter Coefficient Calculated
Case Model v Drawers per Radius- 2DB Modifiers k _s
No. Description Half (cm) Geometry Used (x2 x 10 )
1 Reference loading; with- 513 70.60 RZ None; normal isotropic 1.00568
out streaming : D values for homogene-
ous media :
2 Reference; with axial 513 70.60 RZ Isotropic radial, 0.99620
Streaming correction . Benoist axial
3 Reference; with full 513 70.60 RZ Benoist radial(a) and 0.98937
streaming correction ’ axial
4 Reference; midplane view, 513 70.60(b) XY None; normal isotropic | 0.99554
without streaming D values for vertical
' and horizontal(C
5 Reference; midplane view, 513 70.60(b) XY Benoist; perpendicular [ 0.98889
full streaming “to plate for X, paral-
lel for y(C
6 | Edge-worth study; mid-. . 509 70.32°) | xv Benoist X and Y (as 0.98577
plane view, full for case 5)
streaming
7 Pin-zone study; plate- 511 70.46 RZ Benoist radial and 0.98801
loaded starting case, axial (for plate
| full streaming cells) '

(a)

PLADIF calculations.

Radial modifiers derived as average of

parallel and perpendicular modifiers from plate-cell

(b)
(c)

On equivalent area basis.

However, axial leakage parameters (DBZ) derived from full-streaming RZ calculation (case 3).
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TABLE 4-2 A
COMPARISON OF MEASURED VEXSUS CALCULATED EIGENVALUES FOR PHASE. III

GCFR ASSEMBLY AND ASSESSMENT OF ANALYTICAL BIAS

Measured k.

Results of Two~Dimensional Diffusion-

Theory Analysis (Ten-Group)

A Measured '
Experimental Criticality |Corrected for 2DB Geometric | Calculated, GA Bias
Configuration Factor, k (a) Edge Smoothing Model k (k -k)/k k
e c c e’ ce
Reference; all plate 1.00269¢P) 1.00300 RZ 0.98937 20.0137
loading : *+ 1.00008 + 0.00008 , + 0.0001
Reference (as above) 1.00269 %) -- XY 0.98889 -0.0139
_ + 9.00008 + 0.0001
Edge-worth loading 0.99761 - XY 0.98577 -0.0140
* 9.00008 . *+ 0.0001
Pin reference; plate- 1.00102 1.00132 RZ 0.98801 -0.0135
loaded central zone *+ 9.00008 + 0.00008 + 0.0001
Pin loading; calandria 1.00068 1.00099 RZ 0.98825 -0.0129
*+ 0.00008 + 0.00008 *+ 0.0001

in central zone

(a)

the date corresponding to the compositions used in the analyses.

(b)

Average of measuremenis on different dates.

Adjusted for worth of Pu-241 decay to represent loaded fissile plutonium as of 7/1/75,



derived for a thin midplane region-from'the corresponding Rngeometry 2DB
case (case 3 in Table 4-1) with full accounting of the axial streaming.

This RZ-to-XY procedure thus represenfs‘a three-dimensional synthesis
caiculation to better correlate against the_realfworid, stepped-outline ZPR
geometry. Cases 4 and 5 in Table 4-1 give the results of the rgference XY
calculations using normal diffusion coefficients and using full X-plus-Y
streaming corrections. The 4-to-5 difference (-0.68% Ak/k) agrees well with
the radial streaming worth assessment given by the RZ study above, thus
validating the procedure of averaging parallel and perpendicular modifiers

to produce radial modifiers.

The eigenvalue given by the XY 2DB calculation differs ffom the
corresponding RZ result by -0.049% Ak/k, which indicates that the cofe—edge
stepped outline reduces reactivity by about 45 Ih. A semiempirical 4
evaluation of this edée?smoothing correction by ANL cites an edge—smoothing
worth of about half of this, 25 Ih (to correct the experimental reactivity
to a configuration with a true circular outline). Thus, for the three-
dimensional synthesis technique employed here, a common procedure in GCFR

core analyses, the total calculational discrepancy rises to -1.40% Ak/k.
4.3. CORE-EDGE FUEL WORTH

As mentioned earlier, an experiment was carried out with
blanket—for—fuel exchanges to establish a core-edge fuel reactivity
coefficient. The experimental change of configuration, replacing one zone 3
core dréwer per quandrant per‘half with radial blanket drawers, was
duplicated in thé XY-2DB case 6 in Table 4-1. The calculated exchange total
worth, -0.320% Ak/k or -299 Ih, agrees very well with the measured value of
-295 Ih.

4.4. PIN-ZONE REACTIVITY WORTH

Table 4-2 shows that the calculational-to—experimental discrepancy on

eigenvalue is reduced to -1.29% Ak/k when the central region of core zone 1



is reconstructed with pin fuel. This implies that analyses for completely
rodded fuel systems will carry a discrepancy'less than that obtained in the
calculations on the plate systems. A complete discussion of the pin-fuel

experiment is given in Section 9.



5. SMALL SAMPLE REACTIVITY COEFFICIENTS

The worths of materials in dilute concentrations are measured at
various locations in the core and blankets of the ZPR criticals by
traversing small material samples through a guide tube installed through the
" reactor; the induced small reactivity effects, as evidenced by power
variations or automated control-rod compensation, provide specific worths,
in inhours/kilogram, which relate the relative importance of the material
toward maintaining criticality. The analyées of such measurements is
carried out using first-order perturhation theory, the validity of which .
depends on an assumption of insiginificant changes in the real-flux and
importance-flux spectra being introducted by the perturbation sample.
Discussed below are calculated worths for several materials at the core
center, comparisons with the measured central worths, and comparisons of

calculated and measured worth profiles radially through the core.
5.1. CENTRAL WORTH CALCULATIONS

The cross sections for core-constituent materials used in the
perturbation theory calculations to represent the thin samples are not the
same as those used in the 2DB calculations to generate the required real and
adjoint fluxes. Rather, they are derived by including duplicates of the
plate-region isotopes in the GGC-5 calculations, homogenized over the cell
at dilute concentrations, to be broad-group averaged using the 99-group GAM
fine spectrum and then used without adding any heterogeneity adjustments |
from the DTFX cell calculations. For the nonconstituent materials, extra
elements and isotopes are added to the specific core-cell GGC-5 cases. at
infinite dilution to obtain group cross sections averaged over the

homogenized-cell spectrum according to the GAM calculation.

Table 5-1 lists the results of the 10-group PERT calculations for the

worths of numerous pure elements and isotopes using the reference-—
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"TABLE 5-1
COMPARTSON OF ANL AND GA CENTRAL WORTH CALCULATIONS
FOR PHASE III GCFR CRITICAL ASSEMBLY

Calculated Core Cenfér(a), GA
Reactivity Coefficients Caleulated
(Ih/kg) To
Element or ANL 29-Group GA Ten Group Experimental
Isotope Analysis Analysis Ratio, c/e(®)
H -316.8 -1396 - =25
He-4 ~154.6 ~132.4 -
Li-6 -1735 -1722 1.13
Be -49,04 -45.92 -
B-10 -2282 =2245 1.01
B-11 ~31.19 -31.47 -
Cc-12 -27.66 -26.74 -—
0-16 -17.09 -15.82 -
Al1-27 -9.191 -7.577 -
Cr -6.460 -5.838 -
Mn -12.73 -13.39 1.84
Fe -5.248 ~5.193 1.34
Ni -8.847 -8.450 —-
Mo -17.38 -15.65 -
Eu-153 -127.8 =119.5 -
Ta-181 -42,59 -40.10 -
Th -16.82 -16.17 -
U-233 221.2 219.5 1.14
U-235 133.2 129.8 1.16
U-238 ~8.643 -8.671 1.09
Pu-238 102.29 98.44 -
Pu-239 168.7 164.6 1.12
Pu~-240 22.85 22.53 1.13
Pu-241 240.1 232.4 -
Pu-242 18.08 18.27 -
Am-241 2.733 2.748 —
E:;At centermost mesh interval of RZ diffusion calculations.

central worth measurements.

5-2

From Table 5-2 data for material samples at offset locations of



configuration fluxes. Table 5-1 includes the comparable results of ANL
29-group calculations and shows identical results for most materials

when considering the difference bgtween ANL- and GA-adopted conversion
factors. The deviations of the 10-group results from the 28-group counter-
parts become more and more significant for the lighter elements where the

downscattering contribution to worth becomes predominant.
5.2. COMPARISONS WITH MEASURED CENTRAL WORTHS

Table 5-2 lists the results of the sample-worth measurements at the
center of the Phase III core for major reactor—constituent materials. Most
of the samples contained isotopic mixture and alloy impurities; thus, for
comparison calculations, the sample cross—sections used were prepared from
the appropriate blend of the cross sections'of the mixture constituents.
The calculational bias (C/E) for the fissile sample worths 1.12 to 1.16,
given by this GA analysis, are about 3% lower than the corresponding ANL
results. Also, these C/E values are somewhat lower than observed for the

comparable studies of the Phase I and Phase II GCFR assemblies.

For the fertile-material samples, the lower C/E for U-238 than for the
fissile samples is consigtent with past analyses. It is surprising to note
the large difference between the C/Es for the two poison materials, B-10 and
Li-6 (1.0l and 1.13, respectively). Further study is warranted to
investigate possible errors in one or another of these standard reaction
rate cross section evaluatiovns. Moré‘probably there are significant self-

shielding effects which have not been accounted for.

As in the past, the C/E values for structural materials are larger than
for fuel components. Also, the 1.84 C/E discrepancy for manganese suggests
large errors in the basic manganese data or that shielding considerations
are overlooked. For the hydrugeneous material samples, the first-order

treatment of worth calculations is completely useless, as was expected.



TABLE 5-2 ,
COMPARISONS OF MEASUGRED AND CALCULATED WORTHS OF MATERIAL
SAMPLES AT CENTER OF PHASE III CORE

y-G

.. (a) ,
Sample Description Sample Worth (Ih/kg) Calculated
Material ANL Principal (c) (d) to Experi-
Class 1.p. () Isotope (wt 7%) Calculated Measured mental Ratio, C/E
Fissile MB10 Pu-239 (96.9) o 158.7 141.7 £ 1.3 1.120 * 0.010
U-233-3 | U-233 (99.0) 215.9 190 +'4 1 1.136 * 0.024
MB21 U-235 (93.2) 119.6 103.3 + 0.9 1.158 = 0.010
Fertile MB25 U-238 (99.8) -8.283 -7.63 + 0.32| 1.086 * 0.046
PU240-2D | PuO, (Pu-240 80.7) . 419.32 17.1 + 0.3 1.030 + 0.020
Poison { B-7 B-10 (87.1) -1948 | -1948 £ 40 1.010 + 0.021
LI-5 Li-6 (99.1) -1696 -1502 * 20 1.129 + 0.015
Structural | FE-1 | Fe (100.0) , -5.138 ~3.85 % 0.34 | 1.335  0.121
© MN-1 Mn (100.0) -13.360 .| -7.27 * 0.63 | 1.838 + 0.159
MB19 Steel (100.0) -5.688 . =4.68 * 0.07 | 1.215 % 0.020
- (type 304}
Moderator CH2(T) ' CH2 foam (100.0) 1 =222 + 8.8 -25
POLY-1 Cl-I2 solid (100.0) -222 + 155 + 4 -1.43
H20-1A H20 in capsule (100.0) -169 + 108 + 3 |-1.56
(a)As solid or annula;: cylinders of up to 2.1 cm diameter and 5.5 cm length.
(®) ‘

From Ref. 2.
(c)

(d)Measured within traverse guide tube, offset axially by 4.4 cm from.core midplane, at center of central.
matrix tube.

Calculated by first-order perturbation theory for mesh interval centered at r = 1.05 cm, Z = 5.09 cm.



5.3. MATERIAL-WORTH RADIAL PROFILES

For seven of the samples listed in Table 5-2, the worth coefficieﬁts
were also determined at several positions along the traverse guide tube,
which installed through the row-23 drawers about 4 cm (1.56 in.) from the
midplane in one half of the reactor. Radial worth profiles (in the '
horizontal or X-direction) were thus obtained for the core principal
constituents (plutonium, U-235, U-238, and steel), for poison materials
(B-10 and L-6), and for polyethylene. Calculated worth profiles for these
same materials were derived using PERT and thé reference RZ-2DB fluxés as
used for the central values; however, additional material cross sections
were employed as representative of the other éore zone and blanket

environments through which the scans were made.

The calculated radial worth profiles are plotted in comparison with
experimental points in Figs. 5-1 through 5-7, respectively, for the above
cited material samples. However, for the comparisons here, the actual
calculated values (in inhours/kilograms) have been renormalized to agree
with the measured worth at core center (i.e., the calculated worths versus
radius were divided by the C/E value for the sample worth at corc center
listed in Table 5-2). For the'plutoniuﬁ and enriched—uranium worths,
profiled in Figs. 5-1 and 5-2, excellent agreement is seen between the
normalized calculations and the measured radial scans. The same is true for

the highly absorbing materials B-10 and Li-6 (Figs. 5-5 and 5-6).

However, calculated profiles do not agree'well with measured data where
the net sample worths are not dominated by either a fission component or
strong absorption cross section. Thus, for the U-238 radial worth scan,
shown in Fig. 5-3, the normalized calculated curve becomes significantly
more negative, in absolute difference, proceeding radially out through the
core; here the overall worth is the net of relatively similar contributions
from fission, capture, and leakage. -Just as discrepant is the steel-worth
profile in Fig. 5-4, where the worth components are a blend of downscatter,

absorption, and leakage effects.
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Calculated and measured worths for polyethylene are plotted in Fig.
5-7; here no renormalization was done for the calculated curve, considering
the invalidity of the first-order perturbation evaluation for this material.
This graph serves only to illustrate the relative impact of the positive
leakage component of the CHy worth in the core outer region, which then

becomes overwhelmed by the negative. downscatter effect in the blanket.
5.4. APPARENT-WORTH PROFILE FOR Cf-252 NEUTRON SOURCE

As part of the experimental determination of isotopic absorption—to—
fission ratios (1 + a), radial traQerses were made at two differen; power
levels with a calibrated Cf-252 spontaneous-fission neutron source in‘fhe
same guide tube as for sample worth traverses. The procedure yielded'a
profile for this apparent worth of the source (with respect to a specified
power level). The normalized source-worth scan is compared in Fig. 5-8 with
a normalized profile from the PERT run of the calculated -fission-source

importance, i.e., the point-wise relative worth of fission neutrons

NG
*
.z Xi ¢i (r) .

1i=1

As seen in Fig. 5-8, the calculated and measured data are in excellent
agreement, considering the R-Z mode of the calculation and the reactangular-

geometry environment in which the experiments were conducted.
5.5. CALCULATIONAL BIASES FOR MATERIAL WORTHS

In an attempt to delineate possible sources of the calculational
discrepancieé for material worths.at wvarious reactor locations, Tables 5-3
through 5-6 were constructed to show the C to E ratios (C/E) and theAC‘minus.
E (C-E) variations with radius for the principal core materials Pu-239,
U-238, steel, and B-10. The calculated reactivity coefficients listed in
these tables include the breakdowns of contributing reaction worths from

fission-produced neutrons (vzf), absorption, leakage, and downscatter.
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TABLE 5-3
RADIAL WORTH TFAVERSE FOR Pu-239 SAMPLE AT MIDPLANE OF PHASE III ASSEMBLY

ST-S

Cal:culated Reactivity Coefficient
(Ih/kg) Measured Comparison of Calculation
Sample Position Reaction Components Worth and Experiment
Radius Down-

Region (cm) vE: Absorption | Leakage | scatter | Total (Th/kg) C/E. C-E
Core 1 . C.QO 245.26 -84.82 0.02 -1.73 158.73 1141.7 + 1.3 {1.12 £ 0,01 { 17.0 £ 1.3
Core 1' 16.57 |231.78 -80.17" 0.07 -1.63 150.05 |131.3 + 1.4 | 1.14 + 0.01 [ 18.8 * 1.4
Core 1 1 38.67 |177.13 -61.46 0.25 -1.24 114.67 |101.8 + 1.3 (:1.13 £ 0.01 ] 12.9 * 1.3
Core 2 55.24 115.36 -40.35 "} 0.74 -0.80 74,951 65.5 + 0.9 11.14 £ 0,02] 9.4 + 0.9
Core 3 66.29 67.87 - =23.42 1.44 -0.49 45.4039.7 £ 1.2 {1.14 £ 0.03| 5.7 +x 1.2
Radial blanket | 82.87 20. 10 -5.05 0.58 | -0.13 15,50 13.8 * 0.9 | 1.12 *+ 0.07 1.7 + 0.9




TABLE 5-4
RADIAL WORTH TRAVERSE FOR DEPLETED URANIUM SAMPLE AT MIDPLANE OF PHASE III GCFR ASSEMBLY

9T=g

Sample Position ‘ Calculéted'Reactiyity Coefficient
’ : (Ih/kg) _
Reaction Components ) . Comparison of Calculation

. : : Measured and Experiment

Radius Down- .| Total Worth L3NG SXReTInen)
Region (cm) Vf:f Absorption | Leakage |scatter| Worth "(Ih/kg) C/E ' C-E .
Core 1 0.00 6.594 | -12.303 0.019 .—2.593 -8.283 [-7.63 + 0.31 [1.09 * 0.05 —0;65 + 0.3
Core 1 16.57 6.247 | =11.623 0.064 |-2.447 -7.759 |-7.18 £ 0.29 |1.08 * 0.04 |-0.58 * 0.29
Core .1 33.15 5.312 -9.727 . 0.185 —2,044' -6.274 | -5.42 £ 0.24 |1.16 * 0.05 |-0.85 * 0.24
Core 2 55.24 3.494 -5.946 0.720 |[-1.220 -2.952 |-1.68 £ 0.26 [1.76 £ 0.27 |-1.27 + 0.26
Core 3 66.29 1.990 | -3.351 1.385 -0.731 -0.707 |-0.24 + 0.24 [2.95 * 3.0 [-0.47 * 0.24
. Radial blanket| 82.87 0.162 ] -0.414 0.379 |-0.118 | 0.009 0.45 *+ 0.24 |0.02 -0.44 * 0.24




[[fS

TABLE 5-5

RADIAL WORTH TRAVERSE FOR STEEL SAMPLE AT MIDPLANE OF PHASE III GCFR ASSEMBLY

" Sample Position

Calculated Reactivity Coefficient

‘ ———— (Ih/kg}_ - Comparison of Calculation
Reaction Compcnents Measured and Experiment
Radius Down- Total Worth P
Region - (cm) Absorption | Leakage| scatter| Worth _ (Ih/kg) C/E C-E

.Core 1 0.00 -2.087 0.037 -3.638 -5.688 |-4.69 * 0.07 1.21 + 0.02 {-1.00 * 0.07
Core 2 16.57 -1.971 0.125 | -3.439 -5.285 |-4.10 £ Q.11 1.29 + 0.04 [-1.10 = 0.1
Core 1 33.15 -1.648 0.357 -2.875 -4.166 |-3.18 + 0.10 1.31 £ 0.04 {-0.99 £ 0.10
Core 2 55.24 -0.982 1.338 | -1.689 -1.333 0.41 + 0.07 |-3.3 * 0.6 -.174 * 0.07
Core 3 66.29 -0.577 2.607 -1.043 | 0.987 2.36 + 0.07 0.42 + 0.01 [-1.37 = 0.07
Radial blanket | 82.87 -0.112 1.096 -0.345 0.639 0.62 * 0.07 1.03 + 0.11 0.02 * 0.07




| , TABLE ‘5-6
RADIAL WORTH TRAVERSE FOR B-10 SAMPLE AT MIDPLANE OF PHASE III GCFR. ASSEMBLY

Sample Position - Calculatgd Coefficient (Ih/kg) Comparison of Calculation
Reaction Component 1 Measured nd Experiment
Radius ’ B ' Down- Total ~ Worth a 14 :
Region (cm) |Absorption |Leakage | scatter| Worth { (Ih/kg) C/E C-E
Core 1 ~ 0.00 | -1916.4 0.2 | -31.9 | -1948.1 [-1928 + 38| 1.01 + 0.02 | -20 * 38
Core 1 16.57 -1807.5 0.7 -30.1 | -1836.9 | -1812 + 34 { 1.01 * 0.02 | =25 * 34
Core 1 33.15 -1501.0 2.2 -25.0 | -1523.8 | -1528 + 28 | 1.00 % 0.02 4 + 28
Core 2 55.25 -872.5 7.9 “=13.2 -877.8 | -892.+ 18 |0.98 * 0.02| 14 * 18
Core 3 66.29 -516.0 14.9 -8.2 -509.3 | -529 * 20 |0.96 + 0.04| 20 * 20
Radial blanket| 82.87 -112.8 6.2 -3.9-| -110.5 -68 + 16 | 1.62 + 0.24 | =42 + 16

81-¢



The Pu-239 .worth data in Table 5-3 show that the production term, less
the associated absorption worth, is the predominant component and that the
leakage contribution is never significaht. The data also show that the C/E
is constant with radial location; thus, the C-E term varies in proportion to

the total coefficient.

For the B-10 worths (Table 5-6), the calculated (unnormalized) values
agree within experimental errors with the measured coefficients throughout
the core. However, a 1.62 C/E value is observed for the measurcment in the
radial blanket, which is puzzling. The 10-group averaging might be
deficient for the B-10 cross section in the blanket GGCS case; however, a
similar C/E was obtained by ANL using 28-group analysis. Similar to the
plutoﬁium—worth data, the leakage component calculated for the B-10 worth is
never of importance, reaching only 6% of the total for the blanket

location.

Table 5-4 breaks down the U-238 sample worth versus radius according
to reaction type. The negative absorption terms are a relatively constant
stant factor of about 1.5 times the positive fission-source contributions
throughout the core. The downscatter component varies approximately as the
absorption term, a not unreasonable expectation. Because of these contra-
dicting components, the leakage worth can become a significant factor of
the net sample effcct. The highly variable C/E for this material with
radius probably reflects significant discrepancies in predicting the leakage
conponenl. However, it is difficult to imagine how the transport cross
sections or the calculated flux gradients could be off by the factors of

about 2 required to explain the observed C-E discrepancics.

A similar sifuation exists with the steel worth—-scan date in Table 5-5;
here the leakage term rapidly becomes comparable to the absorption and
downscatler components, but of opposite sign. The resulting C/E values vary
considerably, and the C-E value becomes comparable to the net worth. Again,
it does not seem possible for transport cross section errors or flux-

gradient errors to be large enough to explain the discrepancies.

¥
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This brief survey. suggests some possible flaw in the analytical
interpretation of the traverse-sample worth measurements. The more likely
explanation is that the experimental technique ‘introduces significant
perturbations of the reactor environment to' invalidate the assumptions
inherent to first-order perturbation theory. Specifically, the traverse
guide tube appears to introduce a neutron streaming channel. Thus, in the
regions of steep flux gradiénts, the sample placements have an added
positive worth contribution from the effect of interrupting the streaming.
This consideration could explain many of the C-E anomalies noted in Tables

5-4 through 5-6 for the outer radial locations.
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6. REACTION RATE RATIOS
6.1. FOIL ACTIVATIONS FOR FUEL REACTIONS

Measurements of the relative fission rates in the isofopes U-235,
U-238, and Pu-239 and the relative capture rate in U-238 were made at -
several locations in the core and blankets of the Phase III assembly. The
objectives here were to quantify the per-atom ratios of these isotopic
reaction rates as they would occur at power within the fuel and'fertile
materials throughout the core and blapket of the corresponding-design power
reactor. The derived U-238-capture to Pu-239-fission ratios, on a region-
ayeraged basis, are the principal factors for the prediction of the reactor

breeding performance.

Establishing the in-plate—fuel reaction rates requires a foil-
activation technique wherein thin samples of Llie plurtonium and uranium
materials are placed adjacent to and within the columns of Pu-U-Mo, U3Og,
and depleted uranium. Adequate assessments of cell-averaged rates required
several placements of foils per drawer at each of the locations studies,
as dictated by the complexity of the ZPR drawer loadings. The fission .
rates are evaluated after an irradiation by measuring fission-product

activity and the U-238 capture rate determined from Np-239-decay activity.

Tables 6-1 through 6-5 compare the measured and calculated cell-
averaged values of the ratios U-235 fission/Pu-239 fission (FS/FQ)*, U-238
fission/Pu-239 fission (F8/F9), U-238 capture/Pu-239 fission (C8/F9), U-238

*In the tables and in the following text, the abbreviations below are
used:
F = fission.
C = capture.
5 = U-235.
8 = U-238.
9 = Pu-239.
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TABLE 6-1

MEASURED AND CALCULATED CELL AVERAGE PER-ATOM RATIOS

OF U-235 FISSION TO Pu-239 FISSION IN PHASE III GCFR ASSEMBLY

Exﬁerimental Details

1.0167 1.0270

Calculated Calculati
. Cell Center Ratios- ulation
Matrix Position (cm) - _ — Blas,
Reactor Location ’ ' Measured RZ XY C/E
Region Row/Col. Radial Axial . F5/F9 Ratio 2DB | ' 2DB (+ 0.018)
Core 1 23/23 0.0 1.5 1.044 + 0.016 | 1.0278 | 1.0277 0.984
Core 1 15/23 44,2 1.6 1.032 £ 0.017 .| 1.0104 1.0118 0.980
Core 1 23/23 0.0 55.9 1.090 * 0.017 1.0742 - 0.986
Core 2 13/23 55.2 1.6 1.021'1'0.018 1.0036 1.0077 0.987
Core 2 23/33 51.3 1.6 1.017 + 0.018 1.0053 1.0057 0.989
‘Core ‘3 11/23 66.3 : 1.6 1.060 + 0.018 0.969




, TABLE 6-2 ,
MEASURED AND CALCULATED CELL AVERAGE PER-ATOM RATIOS OF
U-238 FISSION TO Pu-239 FISSION IN PHASE III GCFR ASSEMBLY

£-9

Experimental Details Calculated F8/F9 —— — B
. Calculational
. Cell Center - . ‘Ratios .
Matrix Position (ci) Bias,
Redctor Location : _ — Measured RZ XY C/E
Region Row/Col. Fadial Axial F8/F9 Ratio 2DB 2DB (x 0.018)

Core 1 23/23 0.0 1.6 0.02740 + 0.00044 0.02636 0.02637 ©0.962
Core 1 15/23 44,2 1.6 ° 0.02806 * 0.00047 | 0.02807 0.02799 0.997
Core 1 23/23 0.0 55.9 0.02375 * 0.00040 0.02246 —_— 0.946
Core 2 13/23 55.2 1.6 0.03140 + 0.00057 0.03038 0.03008 0.958
Core 2 23/33 51.:z 1.6 0.03200 + 0.00059 -0.02999 0.02990 - 0.934
Core 3 11/23 66. = 1.6 - 0.03153 + 0.00056 0.02979 0.02834 0.899




TABLE 6-3
MEASURED AND CALCULATED CELL AVERAGE PER-ATOM- RATIOS
OF U-238 CAPTURE TO Pu-239 FISSION IN PHASE III GCFR ASSEMBLY

¥=-9

Experimental Details Calculated C8/F9 .. .
: j . Calculational
. Cell Center . Ratio .
Matrlx_ Position (cm) - Bias,
Reactor Location Measured RZ XY C/E
Region’ Row/Ccl. Radial Axial - C8/F9 Ratio 2DB 2DB (+ 0.018)
Core 1 23/23 0.0 1.6 - 0.1272 + 0.0017 0.14201 0.14199 1.116
Core 1 15/23 44,2 1.6 0.1248 = 0.0017 0.13800 0.13833 1.108
Core 1 23/23 0.0 55.9 0.1363 + 0.0021 0.15199 | - 1.115
~Core 2 12/23 55.2 1.6 0.1219 * 0.0020 0.13637 | 0.13730 - 1.126 -
Core 2 23/33 51.3 1.6 0.1221 + 0.0020 0.13676 _ 0.13689 1,121
. Core 3 11/23 66.3 1.6 0.1309 * 0.0022 0.13985 0.14233 . 1.087




TABLE 6-4
MEASURED AND CALCULATED CELL AVERAGE PER-ATOM RATIOS
OF U-238 FISSION TO U-235 FISSION IN PHASE III GCFR ASSEMBLY

-9

Experimental Détails .
- CalCUlat?d F8/F5 Calculational
. Cell Center Ratios .,

Matrix Position (cm) Bias,

. ."Reactor Location 25 Measured RZ XY , C/E
. Region Row/Col. Radial | Axial F8/F5 Ratio 2DB 2DB (+ 0.019)

Core 1 23/23 0.0 1.6 0.02625 + 0.00044 | 0.02565 0.02566 0.978
Core 1 15/23 44,2 1.6 0.02719 * Q.00047 0.02779 .| 0.02766 1.017
Core 1 23/23 0.0 55.9 0.02179 * 0.00040 0.02091 - 0.959
Core 2 13/23 55.2 1.6 0.03075 * 0.00057 0.03027 0.02985 0.971
Core 2 23/33 51.3 1.6 0.03147 % 0.00059 0.02983 0.02973 0.945
Core 3 11/23 . |  €6.3 1.6 | 0.02975 + 0.00056 | 0.02930 | 0.02760 0.928
Axial blanket 23/23 0.0 62.7 0.01382 + 0.00025 0.01382 -—. 1.000
Axial blanket 23/23 0.0 86.4 0.00428 + 0.00011 ‘ 0.003562 - 0.832
Radial blanket 10/23 71.8 1.6 0.01698 + 0.00030 0.01888 0.01687 - 0.994
Radial blanket | 6/23 93.9 1.6 0.00413 + 0.00010 0.004076 0.003628 0.878

o~



TABLE 6-5
MEASURED AND CALCULATED CELL AVERAGE PER-ATOM RATIOS
OF U-238 CAPTURE TO U-235 FISSION IN PHASE III GCFR ASSEMBLY

9-9

Experimental Details Calculated C8/F5
Matrix ‘sziiigzn?i;) ‘ Ratios Calculational
* Reactor Location - ~ Measured RZ XY - Bias,
Region "| Row/Col. ‘Radial | Axial C8/F5 Ratio |  2DB 2DB C/E
Core 1 23/23 0.0 1.6 0.1218 *+ 0.0017| 0.13818 | 0.13816 1.134
Core 1 15/23 44.2 1.6 0.1209 + 0.0017| 0.13658 | 0.13672 1.130
Core 1 23/23 0.0 55.9 0.1250 * 0.0021| 0.14149 - 1.132
Core 2 12/23 55.2 1.6 0.1194 + 0.0020| 0.13588 | 0.13625 1.141
Core 2 23/33 51:3 1.6 0.1201 + 0.0020| 0.13604 | 0.13611 1.134
Core 3 11/23 66.3 1.6 0.1235 + 0.0022} 0.13754 | 0.13859 1.123
Axial blanket 23/23 0.0 62.7 0.1243 *+ 0.0016| 0.13818 - 1.112
Axial blanket 23/23 0.0 | 86.4 0.1223 * 0.0017{ 0.13090 -— . : 1.070
Radial blanket 10/23 71.8 1.6 0.1228 + 0.0016( 0.13512 | 0.13571 | . 1.105
Radial blanket | 6/23 93.9 1.6 0.1145 + 0.0016| 0.13007 | 0.12702 ©1.109




fission/U—235 fission (F8/F5), and U-238 capture/U-235 fission (C8/F5). The
calculated ratios were derived via a PERT code option which uses the 2DB-
input fuel'cfoss sections and the 2DB-output 10-group flux distributions.
The ratios were calculated using both the RZ and XY-2DB fluxes for the
reference Phase III configuration. The last column in each of the tables
expresses the calculational bias C/E derived using the XY-2DB results for
the activations near the midplane and the RZ results for measurements

along the core axis.

6.1.1. U-235/Pu-239 Fission Ratio

Table 6-1 shows that the ratio of U-235 fission to Pu-239 fission is
slightly underpredicted (-1.5%) in core zones 1 and 2, with the discrepancy
increasing to —-47 in core zone 3. This fission rétio'is not a very
sensitive gauge of the accuracy of the calculated spectruﬁ; thus, the C/E
discrepancies probably result from errors in the Pu-239 in-plate fission
cross. section either in the bésic ENDF/B-4 data or in heterogeneity-effect

processing in the multigroup preparations.

6.1.2. U=-238/Pu-239 Fissiovu Ratio

.

Table 6-2 shows the U-238/Pu-239 fission ratio (F8/F9), a highly
sensitive gauge of the upper end of the neutron—energy'spectrum, but also
dependent on the flux—-advantage factors for the fuel plates in the »
high-energy groups. Again, the C/E values are less than unity by from 0.3%
to 10%. The -10% discrepancy for core zone 3 suggests that the calculated
high-energy flux advantage factors for the zone 3 Pu-U-Mo plates are under-

estimated. Otherwise, the fast leakage parameters for zone 3 are too high.

6.1.3. U-238 Capture/Pu-239 Fission Ratio

The most serious calculational discrepancy occurs for the breeding-

performance determinant, the U-238-capture to Pu-239-fission ratios (C8/F9)
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compared in Table 6-3. The noted +11% to 137 bias of the analysis is
consistent but somewhat higher than past analyses for similar experiments
in the Phase I and Phase II GCFR assemblies and in the mockup liquid metal
breeder reaétor (LMFBR) assemblies. However, the C/Es in Table 6-3 are

about 1% lower than the data of the counterpart ANL calculations.

6.1.4. U-238/U~235 Fission Ratio

The relative fission rates between U-238 and U-235 on a per-atom baéis
are listed in Table 6-4 for locations in the‘radialland axial blankets as
well as in the core. Here some erratic results are noted for the
comparisons at the outer locations in the blankets, indicating that the
. spectral-moderating properties of the blankets could be better understbod.
Comparison of RZ and XY calculated results at the midplane indicate the
increasing difficulties with outer-range flux predictions for the real

square-system ZPR using RZ-geometry modeling.

6.1.5. U-238 Capture/U-235 Fission Ratio

The capture rates of U-238 relative to the fission rate in U-235 at
core and blanket locations are listed in Tableé 6-5. These ratios are fairly
constant throughout the reactor, being the least spect;um-sensitive
parameter of the five studies. Also, the calculational discrepancy is
remarkably consistent, the C/E values ranging Between 1.07 and 1.14.
Considering U-235 fission as a better standard reaction rate (better known
cross section), the results suggest either a spectrum—independent, overall
error in the U-238 capture cross section or an error or bias in the
experimental technique. The careful reevaluation of the U-238 and U-235
cross sections in version-5 of ENDF/B are known to have little effect on the
U-238-capture/U-235-fission ratio (C8/F5) or the U-238 capture/Pu-239-
fission ratio (C8/F9), Thﬁs, it would appear that a serious reexamination

of the experimental.method and calibration is warranted.



6.2. DILUTE-SAMPLE FISSION RATIOS

Other reaction ratios were measured to characterize the central
core—cell avefage spectrum, in addition to the ratios relating to isotopic
power splits. The sample placements for these studies spanned the many
subregions of the plate or pin cells to achieve an integrated-cell spectrum
incident on the foils. Typical experiments in Z?R systems are the
placements of fission-chamﬁers in a cavity created at the core center;
direct counting of fission events on well calibrated foils of different
isotopes in the chambers {roughly 5.08-cm (2-in.) diameter by 2.54-cm
(1-in.) 1eﬁgth] gives accurate isotopic fission ratios. However, the
analytical interpretations are subject to uncertainties introduced due to

the perturbing effects of the cavity and of the chamber structure.

In Phase III, central chamber measurements of U—235/Pu—239 and
U-238/Pu-239 fission ratios (F5/F9 and F8/F9) were carried out in the
reference configuration and in the pin-loaded configuration. Table 6-6
lists the results of these experiments in comparison with corresponding
ratios calculated with the core-center spectfa from the 2DB calculations and
the dilute isotope cross sections for U-238, U-235, and Pu-239 (as were used

for the core zone 1 sample-worth calculations).

The measured and calculated F8/F9 and F5/F9 ratios in Table 6-6 are
scen to be in falr agreement, with C/E ratios between 0.992 and 1.025.
However, it must be noted that no corrections have been made for the effects
of the fission—chamber structure and the cavity on the foil-incident
spectra; a depression of the U-238 fission rate by as much as 10% has been
estimated in past ZPR-9 studies. The last column in Table 6-6 lists the
comparable fission ratios measured in the cell fuel plates (from Section 6
daté), and it shows that the U-238 fission rate measured inside the chamber

is 7% to 9% less than the in-pin or in-plate rates.
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TABLE 6-6
COMPARISON OF MEASURED AND CALCULATED SPECTRAL INDICES AT CENTER .
OF PHASE .IIT CORE ‘

01-9

Inferred from (1 + &) measurements {(Section 8) in radial traverse guide tube.

Measured Calculated Calculated to In-Plate
Reaction Value, Chamber Value for Experimental Foil
Reactor Ratio In Central Dilute Ratio, Measurement
Configuration (per atom) Cavity Sample (a) C/E (1.5%) (£1.8%)
Plate-core, F8/F9 0.0249 * 0,0003 0.02552 1.025 0.0274
reference - F5/F9 1.040 ¢ 0.013(b) 1.0344 0.995 - 1.044
loading C8/F9 0.143 # 0'003(b) 0.1495 1.045 0.1272
C9/F9 0.272 + 0.040 .0.2552 0.938 : -
Pin-cell loadiﬁg F8/F9 - 0.0259 * 0.0003" 0102595 1.002 f 0.0279
in central core F5/F9 1.0350-+ 0.013 1.0263 ) 0.992 1. 1.056
zone . C8/FY - - . 0.1454 1 - 0.1267
C9/F9 - 0.2473. - -
(a)Derived with centermost mesh, cell average spectrum and dilute isotope cross sections.
~(b)



A comparison of the central fission ratios in Table 6-6 for the pin
loading versus the plate loading reveals a slightly harder cell—averége
neutron spectrum for the pin environment. This is confirmed by the central
spectra comparisons in Table 3-1 and is due to the lower concentrations of

steel and oxygen in the pin loading. (see Table A-1).
6.3. DILUTE-SAMPLE CAPTURE RATIOS

inciuded in Table 6-6 are the capture-to-fission ratios, U-238 (n,Y)/
Pu-239 (n,f) and Pu-239 (n,y)/Pu-239 (n,f) derived on the basis of the
. measurements of (1 + a) for U-238 and Pu-239 (in Section 9) and the above
dilute-sample fission ratios. The a evaluations were also dilute-sample
representations, based on reaction rate an& worth measurements carried out
- in the radial'traverse tube. Again, the calculated capture-to-fission
~ratios were derived-using cell-average spectra and dilute—sample cross

sections.

The calculated—to-expefiﬁental ratio for the dilute-sample evaluation
of C8/F9 in the plate—core is 1.045, indicating 4.5% overprediction of this
breeding paraweler. However, a proper accounting in the analysis for the
resonance dilution and spectrum softening by the traverse tube steel would
yield a higher calculational discrepancy. Note that the measured ratio-
in the cell-average spectrum (in the tube) is 12% higher than the Cc8/F9
ratio given by in-plate foil irradiations..as a result of more resonance
dilation, softer spectrum environment, and possible different measurement
techniques. Also, this GA-calculated C8/F9 ratio is about 3% higher than

the corresponding results of ANL calculations for dilute isotopes.

The GA-calculated dilute-sample value for Pu-239Y a is 6% lower than the
value derived from the (1 + a) measurement for small sampies énd foils in
the traverse tuBe, the same discrepancy as given by ANL calculations. - Here
the probable cause is that the cell-average spectrum assumed by the calcu-
lation is hgrder than that present in the surroundings of the thin-sample

measurements..
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6.4. ABSOLUTE REACTION RATES

As part of ﬁhe'analysis for the foregoing evalpations of dilute-sample
capture and. fission ratios, absolute reaction rates were calculated for a,
number of elements and isotopes at the-core center. Table 6-7 lists these
core—-center dilute isotope capture and fission rates, given by the 2DB
edits, normalized to a total assembly power level of 1 kW. Also listed are
the effective one-group average reaction cross sections in the central

cell-average spectrum of this plate reference cdﬁfiguration.

One other dilute-sample ratio obtained in the Phase III.experiments was
that of capture in Li-6 to fission in Pu-239 as part of the 1 + a
‘measurement technique. The measured central per<atom ratio, Li-6 (n,a)/
Pu-239 (n,f), was 0.611 * 0.007, in excellent_agreement with a value of
0.608 given by the calculated data in Table 6-7.
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: ‘ TABLE 6-7
CALCULATED REACTION RATES FOR DILUTE-SAMPLE ISOTOPES
AT CENTER OF PHASE III CORE

Absolute Reaction Rate Effective Reaction. Cross

for 1 kW Total Reactor .Section (barns): in

Power (107_EVents/g—s) Cell Avg. Spectrum(a)
Isotope ~ Fission Capture Fission Capture
Li-6 - 113.28 - 1.0737
B-10 -- 156.83 - 2.475
Th-232 0.2798 0.9904 0.01023 0.3621
U-233 7.259 0.6379 2.6657 0.2475
U-235 . 4,937 _ 1.4028 1.8288 0.5196
U-238 : 0.1200 0.7032 ) 0.0450 0.2638
‘Pu—238 3.1411 ..0.9870 1.1783 0.3702
Pu-239 4.6858 1.1958 1.7652 - 0.4505
Pu-240 1.0535 1.2197 0.3985 - 0.4614
Pu-241 6.2342 1.1172 2. 3682 0.4244

" Pu-242 0.8068 0.7964 0.3078 0.3039

For 1 kW total reactor power, total flux at centermost mesh

(a)
x

interval calculated as 1.05366 x 10.0 neutrons/cmz-SJ

6-13



7. REACTION RATE PROFILES

The radial and axial distributions of the fission rates of Pu-239,
U-238, and Uf235 and the U-238 capture rate within the cell average fuel and
fertile materials were measured using the foil activation procedure
- described in Section 6.1. The foils were emplaced at regular intervals
along the reactor axis and near the front of each drawer of matrix
column'23‘ascending from thg central drawer (23/23). Single foils were
irradiated at regular mapping-foil cell locations and the results converted
to cell-average rates for the fuel and fertile materials usihg the in-cell
rate distributions discuséed earlier. The acquired fission-ra;e scans thus
characterize the true reactér powef distribution, and the U-238 éapture
scans quantify the spatial conversion rate distribution important in
evaluating the breeding ratio. '

7:1. RADIAL REACTION-RATE DISTRIBUTIONS

The relative reactions rates measured in the radial direction in the
assembly, actually in the vertical direction in the ZPR" framework, are
plotted in Figs. 7-1 througb 7-5 in comparisons with the correspoﬁding cal-
culated reaction profiles. For these scans, the calculated data were de-
riQed using the real fluxes:'from the XY-geometry 2DB case for the Phase III
reference configuration and the zone-dependent cell-average cross sections
for U-235, U—238, and Pu-239. The calculafions were done for points along
the Y axis, to correspond to the situation of the measurements, and thus
accoﬁnt,for the stronger neutron leakage properties in this direction than
ih ;hé X direction of the XY case or in the R direction of the RZ case.
Both measdred and calculated data have been normalized to 1000 at the core

axis (r = 0.0).

Figures 7-1 and 7-2, for the radial profiles of fission in Pu-239 and

U—235, show very good agreedent of the calculations with measurements
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throughout the core and most of the radial blanket, considering the scatter
of the measured points. Furthermore, the normalized calculations, based on
10-group analysis, are for the most part identical with the ANL-calculated

profiles generafed using 29 cross-section groups.

Similar good agreement of measurements with calculations is observed in
Fig. 7-3 for the U-238-fission radial scan, although the relative fission
rate for U-238 in core zone 3 (within the Pu-U-Mo plates) appeafs
underpredicted by about 8%, as noted earlier in the discussion of fission
ratios. Figure 7-4 shows these same measured and calculated data plotted on
a logarithmic scale to illustrate that the good agreement for this .
- fission-rate prediction extends through the radial blanket. Thus, the
high—energy neutron flux profiles are well calculated out to the inside edge

of the reflector.

The calculated and measured radial capture rate distributions for U-238
are plotted in Fig. 7-5, showing excellent agreement throughoutAthe core and
blanket regions. This may be surprising, considering the large discrepancy
of the C8/F5 reaction-ratio calculations (C/E = 1.13), but could be expected
because of the consistency of the C/E for the C8/F5 ratio in combination
with a U-235 fission profile which also was well predicted. The capture
cross section (n,y) for U-238 is fairly energy dependent, and 1t is
difficult to realize how errors in the basic data for this reaction could
yield the high C/E for the C8/FS ratios and at the same Llue not distort the
comparison pf measured versus calculated reaction distributions, unless the

o(n,y) error is energy independent.
7.2. AXIAL REACTION RATE DISTRIBUTIONS

Calculations for the fission and capture rates in Lhe cell average fuel
and fertile materials as a function of axial position were carried out using

the fluxes aiong the Z. axis from the RZ-model 2DB calculations and the

isotopic cross sections for the core zone 1 and axial blanket regions. The
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comparisons of these calculations with the measured axial reaction profiles

are plotted in Figs. 7-6 through 7-10.

The axial fission rate distributions for Pu-239 are shown in Fig. 7-6;
here, the agreement of the calculated curvé with the measured data is not as
good as %ound in the rﬁdial direction (Fig. 7-1), with the analysis
underpre&icting the normalized fission rate by about 3% to 4% in the core
near the axial blanket. A similar pattern occurs for the U-235 fiséioﬁ :
profiles in the core, plotted in Fig. 7-7, but with good predictions of the
ﬁ—235 fissionlrate variation in the axial blanket. The calculatiohal/
exﬁerimen;al deQiation for the rates alohg the axis in the core suggest
that the;average leakage pafameters, most probably the axial diffﬁsion

modifiers, are calculated slightly too low on a whole-spectrum basis.

Figﬁres 7-8 and 7-9 are plots of the U-238 axial fission rate '
distributions. As for the radial direction; the calculated results in the.
‘core agree with the measured U-238 fission-rate scans to within the apparent
precision of the experiments. The logarithmic plot in Fig. 7-9 shdws some
deviation in the attgnuation rétes (the sloﬁes) in fhe axial blanket, .
indicating some misprediction of the high—energy macroscopic removal

cross sections for the axial blanket.

The axial capture-rate distributions for U-238 are plotted in Fig.
7-10, and except for an anomalous measured péint, the agréement of the
analysis with experiments is excellent in both core and blanket regions, as
was the case for the radial scans also. However, the good profile ‘
predictién for this capture rate, which is a broad-spectrum parameter, seems
inconsistent with the C/E profile deviations noted for the U-235 axial
fission-rate scan (Fig. 7-7).

7.3. POWER PROFILE CALCULATIONS

' As a study of .the effects of different assembly models, the midplane
power-density distributions edited by the RZ- and XY-geometry 2DB
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calculations have been plotted together on Fig. 7-11. From the XY case, the
distributions along both of the X and Y axes are given, shown as dashed
curves, and the fadial power profile from the RZ case is plotted as the
solid line. The graph shows how the X and Y distributions deviate increas-
ingly as a function of radius as a result of the significantly larger-
streaming modifiers supplied for the vertical direction in the assemblyf In
the outer core zone, the difference in X- and Y- direction power densities,

and thus the flux levels, approaches 5% (higher along the vertical axis).

The radial power distribution from the RZ calculation shows distances
from the core axis of the enrichment zone boundaries, produced by the
cylindrical modeling, that differ from the XY counterparts. For the R
direction, the streaming modifiers were the average of the X and Y
modifiers, yet- the RZ radial profile concurs with the vertical profile
from the XY case instead of falling between the X and Y results.. The
higher—than-expected radial distributioﬁ is probably a result of the

larger outer core dimensions inherent to the modeling.

The radial material-worth profiles through the assembly were measured
by traversing samples through a tube along the X axis, whereas the
calculated worth profiles necessarily used the radial flux distributions
from the RZ-2DB calculations. That the measured and calculated fissile
material worth profiles agree so well implies that the RZ radial flux
profile more accurately represents the flux distribution along the X axis,
which is contrary to the plots in Fig. 7-11. These considerations bear
out a suspicion that the PLADIF-generated diffusion modifiers for the X
direction (perpendicular to plates) underestimate the true cell leakage

properties in that direction.
7.4. REACTION RATE SCANS THROUGH RADIAL TRAVERSE TUBE
Additional reacton rate profiles were measured as part of the isotopic

1 + o determinations (Section 8). Foils of Li-6 and Pu-239 were irradiated

at several radial positions within the guide tube for the reactivity sample
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traverse mechanism. Figures 7-12 and 7-13 show the measured radial pro-
files for the thin-sample Pu-237 (n,f) and Li-6 (n,a) reaction rates,
respectively, in comparison with calculated dilute-sample profiles§ In Fig.
7-12, two calculated Pu-239 fission profiles are shown, as derived- from the
RZ-and XY-geometry 2DB caiculations. The radial fission distribution from
the RZ calculation is in better agreement with the traverse ;ube.Pp—239
fission scan than the X-direction profile derived from the XY calcplation;
which should more accurately portray the situétion of the traverse tube
running horizontally through the row 23 drawers. In addition to th?
suspected low diffusion modifiers for the X direction, steaming problems
associated with the traverse tube may be responsible for the :

calculated-to-experimental discrepancy for this fission-rate scan.

A similar comparison of profiles was obtained for the Li-6 (n,a)
reaction raté distribution through the traverse tube, shown in Fig. 7-13.
The calculated Li-6 capture profile derived from the XY-case 2DB flux
distribution is seen to deviate significantly from the measurements with
increasing distance from the core axis. The disagreement for the tapture
rate is in marked contrast with the well-calculated (normalized) Li-6
radial-worth profile in Fig. 5-6, where the real and adjoint flux p;ofiles

came from the RZ—-geometry 2DB case.
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. 8. CENTRAL CONVERSION RATIO EXPERIMENT

A technique has been developed at ANL for measuring breeding-ratio
parameters on mockups of power reactors without resorting to high
integrated-power irradiations as required for radiochemical analyses. The
essence of phe methdd is the evaluation of isotdpic absorption-to-fission
ratios (1 '+ a) as a function of location by comparing the worth of the
fissile material, which depeﬁds on capture and fission, and the relative
fission rate; the procedure is known as the reactivity/reaction-rate method
(Ref. 19). The measurements required by the method include fission ratios
for fuel isotopes relative to Pu-239 fission, the fissile-sample worths, a
worth traverse for a Li-6 sample, a corresponding absolute Li-6 (n,a)

‘reaction-rate traverse, and traverses to derive the apparent worth of a
Cf-252  spontaneous fission neutron source. Also, a number of calculated
'corréction factors afe needed (for worths of nonfission absorption

processes, etc).
8.1. ABSORPTION-TO-FISSION RATIOS

The absofption—to—fission ratio (1 + a) for a fissionable isotope is

detertined in the method according to the formulation

, L S oCf gl Li
i i__ o p * s f * i A
1+a +E_‘, . OI . .I-C . ’
i Li a i Cf f Li
Rf p o) S C
where R = reaction rates,

pi = isotopic worths,
psCf'= apparent worth of Cf-252 neutron source, and

sCf = source strength.

All of these are determined for a standard power level. The calculated

factors are
' 8-1



El = relative fraction of (n,p), (n,a), and (n,2n) reactions
for isotope i,

ratio of importance of Li-6 absorption/isotope-absorptiom,

la
[+
]

V times the. ratio of importance for fission neutrons of iso-
tope i to the importance of Cf spontaneous fission neutrons,

=~
h
Il

C = worth correction factor for downscatter and leakage
components, and

Ali = correction of Li-6 absorption for (n,Y) + (n,p) reactions.

As can be seen, there are a number of calculated adjustments which can
add a degree of uncertainty to the evaluations. The uncertainty of the
(1 + a) determination propagating from the measured parameters depends on

the accuracy of the reaction-rate ratios and the material-worth ratios.

Since the fiséionable material worths were measured using small samples
in the horizontal guide tube, and exposed to the integral flux over the
drawer-wide cells, the corresponding reaction rate ratios were derived from
similar dilute-sample experiments. Table 8-1 presents the results of the
ANL measurements for the aﬁsorption-to—fission ratios (1 + a), iﬁ the
isotopes U-233, U-235, U-238, Pu-239, and Pu-240. The U-233 and Pu-240
measurements involve more empirical adjustments since their fission ratios

(to Pu-239) were not actually measured.

Table 8-1 also gives the comparable calculated (i + a) values

_ for dilute isotopes derived from the Table 6-7 data. For Pu-239, the
calculations are seen to underpredict the absorption/fission ratio by a
relatively constant amount, about 4%, throughout the cores for these thin-

sample measurements. A similar result is noted for U-235.

For U-238, the (1 + a) value, and thus also the isotopic
capture-to~fission ratio, is surprisingly well calculated. It must be borne
in mind, however, that this pertains a cell-spanning thin sample; not
necessarily the same applies for processes in the fuel plates. Also, the

correction factors are larger for the U-238 worths and reaction rates.



' TABLE 8-1
ABSORPTION-TO-FISSION (1 + &) RATIOS FOR DILUTE FUEL
ISOTOPES IN CORE OF PHASE III GCFR CRITICAL ASEMBLY

. Aﬁsorption—to—Fission
Measurement Location Ratio (1 + a)
Sanple No. Radial Calculated Calculational
for Worth Matrix Positicn Thin-Sample for Dilute Bias,

Isotope Measurement Rew/Col. (cm) Measurement Sample C/E
U-233 u-233-3 23/23 0.00 1.086 * 0.051 1.0928 1;006 *+ 0.051
U-235 MB-21 23/23 0.00 1.297 + 0.037 1.2841 0.990 * 0.028
MB-21 23/2L 5.52. 1.326 * 0.038 1.2841 0.968 + 0.028
MB-21 23/2¢ 16.57 1.312 + 0.037 1.2837 0.978 + 0.028
U-238 MB-25 23/23 0.00 6.737 * 0.107 6.8581 1.018 £ 0.016
MB-25 23/26 16.57 6.727 * (0.096 6.7719 1.007 * 0.014
Pu-239 MB-10 23/23 0.00 1.272 + 0.039 1.2552 0.987 * 0.029
MB-10 ‘ 23/24 5.52 1.304 * 0.040 1.2551 0.962 + 0.029
MB-10 23/26 16.57 1.309 * 0.039 1.2541 0.958 *+ 0.029
MB-10 23/28 27.62 1.335 + 0.039 1.2519 0.938 + 0.029
MB-10 23/30 38.67 1.303 + 0.042 1.2468 0.957 + 0.029
MB-10 23/33 55.24 1.264 * 0.038 1.2333 0.976 * 0.030
MB-10 23/35 66.29 1.313 + 0.051 1.2476 -0.950 * 0.040
- Pu-240 Pu-240-2D 23/23 0.00 2.080 + 0.078 2.1580 1.038 * 0.039




8.2. CENTRAL CONVERSION RATIO

The poinf conversion ratio (CRp) expresses the fissile production to
fissile loss ratio in a localized region with an assumed uniform composi-
tion. A core-center conversion ratio measurement was obtained by ANL
through combining the results of the thin-sample (1 + &) experiments and the
measurements of the in-plate, cell-average fiésion ratios. A corresponding
CRp_evéluation was derived using components given by the GA calculations for
cell~in—platé fission and absorﬁtion rates. Table 8-2 compares the ANL
measured values and correspondiﬁg GA calculated values for the various com-
ponent isotopic reactions. The adjusted measurements quoted by ANL grg
actualy their calculated in-plate, cell-average values divided by the C/E
values obtained on their analysis of the thin-sample measurements. The
calculational biases (C/E values) given by the GA analyses for the |
absorption-to-fission and the fission ratios are very close to the same

biases of the ANL study.

The available measured parémeters_provide for two different
formulations of'the central-point conversion ratio: one involves the
measured in-plate U-238 capture to Pu-239 fission ratio, and the other
depends on the a measured for U-238 and the U—238/Pu—239.fission ratio.
Table 8-3 defines the formula used for the CRp determinations by both
methods. Also given are comparisons of calculated and measured factors and

the associated C/E biases.

Thus, for the central conversion ratio experimental determinétion, .
there are two choices for the so-called bottom line, CRp and CRp~“, which
differ by 15%. At present, if is not apparent which of the evaluations is
the more accurate. The more favorable ratio, CRp” = 0.767 with the C/E of.
0.98, is known to involve a number of uncertainties due to the assumed
interpolation from the thin-sample environment (for worth measurements and
fission. chamber measurements using U-238) to the capture rates in the fuel

fertile plates. The discrepancy between the two experimental methods calls



TABLE 8-2

COMPONENT REACTIONS FOR CENTRAL CONVERSION RATIC EVALUATION

-

Calculated Values ANL Measured Cell
Dilute . Average Values GA
Sample In-Plate Direct Adjusted Calculational
Parameter Environment |Zell-Averaged Measurement Measurement Bias, C/E
U-235(1+a) 1.284 1.282 - 1.300 *+ 0.040 {0.986 * 0.03
Fuel U-238(1+a) - 5.850 — - - ‘
U0, U-238(1+0) - 6.867 - — —

Total U-238(140) 6.858 6.387 - "6.366 + 0.110 [1.003 *+ 0.02"
Pu-239 (1+a) 1.255 1.242 - 1.254 * 0.040 |0.990 *+ 0.03
Pu-240(1+a) 2.158 2.055 - 1.962 * 0.080 [1.047 * 0.04
Pu-241(1+a) 1.179 1.176 - 1.306 * 0.06 [0.900 * 0.05

U-235(n, £)/Pu-239(n, £) 1.036 1.028 1.044 + 0.016 - 0.985 * 0.02
Fuel U-238(n,f)/Pu-239(n,f) - 0.02882 -— - -
U,0 ' U-238(n,f)/Pu-239(n,£) - 0.02449 — - -

Total U-238(n,f)/Pu-239(n,f) 0.02552 0.02636 0.0274 * 0.0004 - 0.962 + 0.016
Pu~240(n,f)/Pu-239 (n,£f) 0.2258 0.2387 -— 0.235 + 0.002 | 1.015 * 0.015
Pu-241(n,£)/Pu-239(n,£) 1.342 1.333 - 1.306 * 0.019 | 1.021 % 0.015"

Fuel U-238(n,Y)/Pu-239(n,f) - 0.1398 — - -

U,0g U-238(n,7)/Pu-239(n, £) - 0.1437 - - —
Total U-238(n,Y)/Pu-239(n,f) 0.1495 0.1420 0.1272 * 0.0017 - 1.116  0.015
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TABLE 8-3

EVALUATION OF POINT CONVERSION RATIO AT CENTER OF CORE
IN PHASE III GCFR CRITICAL ASSEMBLY

Calculated Calculational
Parameter - Definition Value Measured Value " Bias, C/E

Cell average isotopic densities, 1024 atoms/cm3

U-235 25N 0.0000126

U7238 28N 0.0058098

Pu-239 .49N 0.0008842

Pu-240 AON. 0.0001171

Pu-241 e 0.0000130
U-238 capture/Pu-239 28N28C 49f 0.7512 >0.666 *+ 0.022 “1.127°% 0.037
absorption via in-plate C ='Z§f———£§—- '
foil activations N(1+ "a)
U-238 capture/Pu-239 28 28 28 S 0.7512 0.770 * 0.030 0.975 * 0.039

) . : . . ] f/ f -
absorption via thin- c' = 79
sample (1 + o) measure- . N(1+ o)
ment
Pu-240 absorbtion cor— 40 40 40_,49 1.0357 1.0358 + 0.0028)] 1.000 + 0.003
. LD . f/ f ,
rector using foil acti- P=1+ 28 28 ==
vation data N C/ :
Pu-240 absorption cor-~ 40 40 40_ ,49 1.0357 1.0310 + 0.0025} 1.005 * 0.003
rector using (1 + a) P' =1+ £/ £
g - 28 28 28_ ,49

* data

£f/7°f




TABLE 8-3 (Continued)

Calculated Calculational
Pzrameter - Definition Value Measured Value Bias, C/E
Fissile ) 41N(1+41a541f/49f 25N(1+23a)25f/49f 1.0337 1.0352 + 0.0021] 0.999 * 0.002
corrector D=1+ %49 e + 49 49
: N(1+ "a) 7 N(1+ ")

Sentral point conversion ratio  CR, = CP/D 0.7527 0.667 * 0.022 | 1.129 * 0.037
1sing. foil activation data .
Ceiitral point conversion ratio CR' = C'P'/D 0.7527 | 0.767 + 0.030 | 0.981 #

using (1 + &) data

0.039




for further study; the capture-rate measuting technique should be

calibrated against a radiochemical analysis.



'9. PIN ZONE SUBSTITUTION EXPERIMENT
9.1. PIN ZONE SPECIFICATIONS

Figures 2-2(a) and 2-2(b) illustrate the change of cell structure
involved in the pin-for-plate exchange experiment carried out in a central.
region of the zone 1 core and axial blankets. Pin-for-plate expefiments
have been routiﬁely carried out on LMfBR mockups wherein the calandrias are
sealed sodium-filled boxes with 16 tube channels for insertion of clad fuel
pins or U0y pellets. The inventory of non-sodium-filled calandrias used for
sodium-voiding studies was conveniently adopted as the structural matrix for
the fuel pins in this GCFR zone representation. Special voided calandrias
were also procured to enable convenient installation of CHyg foam into the

voids surrounding the pin channels to simulate steam flooding.

Figure 9-1 is an outline of core zone 1 showing the subregions loaded
~with the normal and special voided calandrias during the pin-zone experi-
~ment.. The assembly RZ model based on this configuration, used for the 2DB
calculations for the experiment, is inéluded in the Appendix (Fig. A-3).

" Also in the Appendix, the compositions of the pin-loaded special and normal
calandrias are compared with the compositions of the corresponding

core or blanket zone 1 plate drawer loadings..
9.2. PIN ZONE SUBSTITUTION WORTH COMPONENTS

The measured worth of the total exchange of pin-loaded calandrias for
plate-loaded drawers in the pin zone outlined in Fig. 9-1, both core and
axial blanket, as derived from Table 2-2 data, is -31.7 £ 2.8 Ih. The pin-
for-plate substitution worth is thus defined for the innermost 17% fraction
of the core, and a total core exchange would be worth at most six times the

zone worth, or about -200 Ih (60¢).
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Fig. 9-1. Core configuration for GCFR Phase III pin zone assembly




The calculations for the pin zone substitution worth were carried out
in several steps to investigate the contributions from the various
components involved in the switch of cell types. The three major

differences between the pin and plate loadings were

1. A compositional change. Predominantly a different volume fraction

for steel and deletion of molybdenum (in the Pu-U-Mo alloy).

2. A heterogeneity change. Less flux advantage (or self -

multiplication) in the fuel pins.

3. A change in neutron streaming. Reduced void dimensions with the

pins, resulting in decreased leakage worth.

The results of the 2DB calculations carried out for the pin-zone
analysis are summarized in.Table 9-1. For all of these cases, the
plate—core zone boundaries and compositions were fixed as defined by the
pin-reference configuration diagram in Fig. A-3. The case variations in
Table 9-1 involve only the pin-zone loading, with step-wise changes of the
compogsitions, cross sectlons, and diftusion modifiers. The last columns of
the table express the derived reactivity difference associated with specific

change components.

Of specific interest in this analysis is the. change of
neutron-streaming effect incurred by the pin-for-plate switch. The Table
9-1 results reveal a zone streaming effect worth of -0.084% Ak/k for the pin
environment versus a value of -0.250% Ak/k for the plate loading. Thus, the
streaming correction for the plate GCFR critical assemblies appears to be

about three times the ¢ffect for the rodded-fuel power reactor.

The net worths calculated in this analysis for the three major change
components in the pin-for-plate substitution are compared in Table 9-2 with
the results of the corresponding ANL analysis. It is seen that the GA and

ANL composition change worths are about the same, but larger differences are



TABLE 9-1°

SUMMARY OF EIGENVALUE CALCULATIONS USING TWO-DIMENSIONAL DIFFUSION
‘THEORY FOR PIN ZONE CONFIGURATION IN PHASE III GCFR ASSEMBLY

Parameter Variations for
Content of Core and Blanket
Central Calandria Zones'@

Differential WOrtﬁ Evaluations

2DB | . : Diffusion Calcithed Cases [ 1 bo 1 \ |
Case| Cell Atom| Cell Cross | Coefficient X Compared [{—— -~ Characteristics
No. Densities Sections Modifiers (RZ Geometry) a/b ( kb ]ﬂa) Worth Effect

Plate Plate Plate - 0.98801 11/7 + 0.00030 'Total'pin—for—plateA
8 Plate Plate None(b) 0.99046 7/8 - 0.00250 | Plate-zone streaming

Pin - Plate Plate 0.98960 9/7 . |+ 0.00163 | Plate-to-pin densities
10 Pin Pin Plate 0.98667 10/9 - 0.00300 }Plate-to-pin heterogeneity
11 Pin Pin Pin 0.98830 11/10 | + 0.00167 |Plate-to-pin stﬁeaming
12 Pin Pin None 0.98912 11/12 [ -0.00084 | Pin-zone streaming

(a)

core and blanket regions.

(b)

cross-section mixtures.

70.46 cm.

Modifiers = 1.00 to effect isotropic diffusion coefficients as determined for densities -and

“Normal plate cell densities, cross sections, and diffusion
Core radius =

modif;ers!used throughout the other



'TABLE 9-2 |
COMPONENTS OF REACTIVITY EFFECT FOR EXCHANGE OF PIN FUEL
FOR PLATE FUEL IN A CENTRAL ZONE OF PHASE IIT ASSEMBLY

' “ANL Worth
DB Characteristic Determinations (Ih) . GA Worth Analysis (Ih)
Case Evaluated For A Calculated
~ No. Calandria Zone Calculated Measured Change C/E C-E
9/7 Worth of plate—to-pin . *157.8 - +152.2 - -
material density changes
10/9 Change of heterogeneity -251.0 - -280.2 - -
effect, plate-to-pin load
11/10 | Change in streaming +122.6 - +156.0 - -
. effect, plate-to-pin ’ -
11/7 Total worth pin-for-plate +29.4 -31.7 £ 2.8 +28.0 -0.88 59.7 * 2.8
exchange “




obtained for heterogeneity and streaming effects; On balance, the net
worths for the zone substitution are calculated the same by GA and ANL, both
positive and about +60 Ih different from the measured worth bf -32 TIh. The
calculational discrepancy is disappointing but not unreasonably excessive
considering that the tofal effect arises from net positive and negative
components of +308 and -280 Ih, respectively, with ﬁrobable errors on>the

order of *10% per component, compounded.

The referénce plate-loaded-configuration reactivity was not actuaily
measured but was inferred from that of larger core configuration with the
use of the measured edge—-drawer worth. The applied core-size correction of
-148 Ih could be in error as much as 20 Ih due to asymmetric geometry and
reloading considerations. Also, in the experiments, molybdenum shims.could‘
have been loaded with the core calandria to feduce the plate-to-pin

compositional differences.

In Table 9-2, the +152 Ih composition effect is predominantly due to
the changes (plate—to-pin) in the core molybdenum and oxygen densities,Awith
about +94 Ih from the deletion of the molybdenum and +39 Ih from the de-
creased oxygen content. Based on central-worth discrepancies for these two
materials, an uncertainty on the order of 40 Ih could easily be assigned

for the evaluation of the worth of the plate-to-pin material changes.

Thus, attempts to compare the validities of the heterogeneity and
streaming-effect treatments for the pin loadings'versus the plate loadings
is overshadbwed by the uncertainties in .the measurements and compositional
effects. A repeat of these pin studies will be requied in the future GCFR
critical experiment brogram, with more detailed studies of the compositional
effects via distributed worth measurements for molybdenum, steel, oxygen,

and fuel.
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9.3. AXIAL FISSION-RATE PROFILE IN PIN ZONE -

The axial distribution of Pu-239 fission rate in the fuel‘pins of the
central calandria was measured by activation of plutonium foils placed
between the ends of special 7.6—cm (3-in.) PuOy pins inserted in one of the
central tubes. The foils were analyzed in the same manner as for the
plate—core foil irradiations. Calculation of the Pu-239 fisSien-rate
profile was accomplished with a PERT run using the Z axis ten-group flux
distributions from the pin-loaded 2DB reference case and in—pin Pu-239 cross
sections (plus correction for the relafive fission contribution from the
foil 5% Pu-240 content). Figure 9-2 compares the measured and calculated

Pu-239 fission-rate distributions along the axis of the core pin zone.

The calculated fission-rate distribution axially through the pin zone
is seen in Fig. 9-2 to deviate from the measurements more significantly than
for the corresponding analysis in the plate-loaded core (Fig. 7-6). The
discrepancy indicates that the axial streaming correction facters are _
probably underestimated in this'analysis. This could have come about from
the modeling of the PINDF3 case for the pin cell wherein the per—pln
allocatluub of calandria-box wall and matrix steel were smeared into the

VOld channel.

t

9.4. FOIL ACTIVATIONS FOR REACTION RATIOS IN FUEL PINS

Foils of enriched uranium, depleted uranium, and plutonium were
irradiated between the ends of the core fuel pins and the blanket UO3.
pins of the central matrix unit calandria loadings. The in-pin fission
and capture ratios, on a per—atom basis for the involved isotopes,
obtained in this experiment are given in Table 9-3. Calculated values
and calculated-to-experimental ratios comparable to thecse pin-zone
results are included in Table 9-3, as are the corresponding results of
the plate-zone analysis. 1In all cases, the discrepancies of tﬁe pin-zone

analyses are greater than those for the plate-zomne calculated data. A
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COMPARISON OF CELL AVERAGE FUEL REACTION RATIOS MEASURED IN PIN-LOADED

TABLE

&

9-3

. ASSEMBLY WITH CALCULATED RATIOS

Pin-Loaded Zone

Plate Loading
Reactor Reaction " Measured Calculated- C/E Calculated C/E
Region Ratio Value Value (+0.018) Value (£0.018)
Core (®) F5/F9 .056 + 0.014 1.0257 0.971 1.0278 0.984
F8/F9 .02791 + 0.0003 0.02618 0.938 0.02636 0.962
C8/F9 .1267 * 0.0016 0.1440 1.136 0.1420 1.116
C9/F9 —- 10,2466 -- 0.242 -
F8/F5 0.02643 + 0.0003 0.02552 0.966 0.02565 0.978
.C8/F5 .1200 * 0.0016 0.1404 1,170 0.1382 1.134
Axial ib) F8/F5 .00966 - * 0.00016 0.009341 0.967 0.01382 1.000
blanket " A :
C8/F5 L1176 f 0.0018 0.14271 1.214 0.13818 1.112

A} -
(a’Axial distance from

(b}

'Axial distance from

core midplane of 7.6 cm for pin zone; 1.6 cm for plate loading.

core midplane of 68.6 cm for pin zone, 62.7 cm for plate loading.



similar correlation was obtained in the ANL analyses, but it had generally
lower discrepancies (C/E values ~27% or 3% closer to unity). Further
studiés are thus warranted on'the heterogeneity and streaming effects for

this bin lattice.
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10. SUMMARY

The Phase III GCFR critical assembly experiments were analyzed using
methods routinely employed for GCFR power plant core design and performance
predictions. In general, calculated'and measured Phase IiI parameters have
agreed well, and thus, substantiated the physics method used. Also, the )
results of these GA qalculatioﬁs using a 10-group cross—section,structufe;
as for the CCFR Cbre design analysis, concur well with results of ANL 4

calculations using a more rigorous 29-group structure.

The basic nuclear data used, ENDF/B-4, perhaps combined ﬁith the
methodologies, still yield biases of calculated predictions relative to
measured results. In regard to the criticality determinations, the
calculations yield eigenvalues that are a factor of 0.986 times experimental
k assessments for critical configurations involving the ZPR platejﬁoadiﬁg
heterogeniety (a bias of -1.4% Ak/k). The central-worth discrepancy
continues to appear, but with C/E factors like 1.12 for plutonium, whiéﬁ are
somewhat smaller than those obtained in the previous GCFR assemblies and
smaller by about 4% than the results of ANL worth calculations. A sizable
discrepancy continues between the calculated and measured breeding-ratio
parameters; the U-238 capture/Pu-239-fission rate ratios in the cell fuel
are calculated some 13% greater than ratios derived from in-plate foil
irradiation.experiments. However, these measurements are in confict with
resﬁlts of another type of experiment, somewhat less rigorous, which"

- determines the isotopic capture-to-fission ratio for U-238. There should be
a high priority effort in the reexamination of the experimental technique
used for the U-238 capture/Pu-239-fission ratio, with a definitive inter-

calibration against radiochemical techniques.

Calculated and measured fission and capture rate spatial distributions

have been found to agree quite well, indicating that the power density

10-1,



profileé in the core can be calculated to an accuracy of about 37 (deviation
" at core/blanket boundary with central normalization). There are some
indications that the diffusion modifers used (to represent streaming in
coolant channels) underestimate leakage in the direction perpendicular to
the plate alignments in the ZPR critical assembly. Higher leakage terms
could improve the flux and reaction-rate profile calculations, but also

would increase the eigenvalue bias to probably -1.8%.

‘A discrepancy in the pin-for-plate fuel cell substitution worth
prediction indicates that some further examination of heterogeneity éﬁd‘
streaming effect accouﬁting is needed. The pin zone experiment indicated
‘that the calculational bias for eigenvalue of a rodded fuel reactor would be
somewhat higher than the 0.986 factor obtained for the reference Phase III
plate configuration. The consistency between methods used for these studies
and for rodded fuel assembly core calculations will have to be‘vefified to

better assess the eigenvalue bias of the GCFR design calculations.

. /o
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APPENDIX
A.1. DETAILS OF PHASE III1 REFERENCE MODELS

Figures A-1 and A-2 show the RX- and XY-geometry models, respectively,
of the plate—core reference configuration employed in the 2DB,
two-dimensional diffusion theory calculations. Figure A-3 defines the RZ
model for the reference configuration with the central zone loadings of the
pin core and blankets. Core region compositions for all of the cases
are included in Table A-1, while Table A-2 lists the compositions for the

blanket and reflector regions.

A.2. GGC-5 SPECIFICATIONS FOR GENERATION OF CROSS SECTIONS FOR PLATE-LOADED
CORE ZONES 1 AND 3 AND FOR PIN CORE AND BLANKET

Table A-3 lists the material compositions input to the GGC-5 préblems
rhn'for this Phase III analysis. The appendix of the Phase II steam report
(Ref. 5) contains similar specifications for the GGC-5 cases for cross
sections utilized in core zone 2 and the normal plate.radial blanket, axial
blanket, and reflectors. Table A-3 also gives the two-region cell details
for the GAROL resolved resonance range calculation and the one-group

average parameteré edited by the code.
A.3. SPECIFICATIONS OF CELL HETEROGENEITY CALCULATIONS

The DTFX slab geometry model for the core zone 1 plate drawer loading
is described in Table A-4. Due to the symmetric material loading in the
drawef‘[Fig. 2.2(a)],>only a half-drawer cell arrangement was required with
the specification of reflective boundaries on both sides. Axial leakage for
the cells was represented in the DTFX runs by adding a pseudo-absorber cross
section by group (a DB2 value) uniformly across the cell: the groupwise

buckling (B2) terms were derived from early 2DB calculations and the D .
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TABLE A-1
CORE REGION COMPOSITIONS USED IN ANALYTICAL MODELS -
FOR PHASE III GCFR CRITICAL ASSEMBLY

Region Atom Densities (1021,atoms/cm3)
Reference Contlguration Core| —pecrar- 1 owear
: A Calandria, { Calandria,
Isotope Zone 1 Zone 2 Zone 3 | Core Core
-0 14.8674 | 13.8595 11.8173 | 14.201 14.1450
. Cr 2.6337 2,8669 3.1381 3.540 3.4870
Mn 0.2107 | 0.2291 | 0.2515 |  0.2596 0.2413
Fe 13.2544 | 15.3744 | 18.9341 12.4910 12.2260
Ni 1.2056 1.3240 1.4606 1.5930 1.5890
Mo 0.2258 0.3022 0.4521 - -
U-235 0.0126 0.0122 0.0111 0.0132 0.0132
U—238—P(a) 2.5070 3.3413 4,9782 5.8190 5.8190
U—238—0(b) 3.3028 2.2010 - - : -
Pu-238 0.0006 0.0007 0.0008 0.0005 0.0005
Pu-239 0.8842 1.1832 1.7718 0.8836 0.8836
Pu-240 0.1171 0.1569 0.2351 0.1177 0.1177
Pu—241(c) 0.0130 0.0163 0.0227 0.0144 0.0144
Pu-242 0.0019 0.0024 0.0032 0.0020 0.0020
Am—241(c) 0.6052 0.0094 0.0178 0.0113 0.0113
Region CZ1 Cz2 73 SC-core NC-core
‘label1(d ‘
(a)Contribution from Pu-U-Mo alloy plates in plate loading .or from
mixed-oxide (Pu02-U02) pins in pin loading.
(b)Contribntion from U308 plates.
(c)

Decay evaluation as of July 1, 1975.

(d)As used in model diagrams, Figs. A-1, A-2, and A-3.



TABLE A-2
COMPOSITIONS FOR BLANKET AND REFLECTOR REGIONS OF PHASE III GCFR ASSEMBLY

(b)

As indicated on model diagrams in Figs. A-1, A-2, and A-3.

Empty matrix tube: for MT” (empty drawer in tube) densities are 1.55

x MT wvalues.

Region: Atom Densities (1'021 atoms/cm3)
Reference Confiéufétidn ' ‘?in Expériment
Axial Blanket Axial Blanket
e 1 Special ‘Normal Radial Radial Axial Empty
Isotope | Zone 1 Zone 2 Zone 3 |Calandria| Calandria| Blanket |[Reflector | Reflector| Matrix
- - - - e - 0.2164 0.2370° | 0.0014
15.6918 115.8164 | 15.7200 | 14.3050 14.2470 | 18.5944 - - -
si — — — — - - 0.9834 | 1.0881 | 0.0709
-Cr 2.3563 | 2.4963 | 2.5663 3.5560 .4920 2.4478 15. 7448 15.0985 1.1811
Mn 0.1870 | 0.1975 | 0.2027 0.2606 0.2416 0.1938 1.3752 1.4507 | 0.0967
Fe 8.3648 | 8.8520 | 9.0957 | 12.5450 12.2400 8.6832 | 55.5996 52.8953 | 4.1489
Ni 1.0667 | 1.1384 | 1.1743 1.6010 1.5910 1.1136 6.7956 6.6746 | 0.5258
Mo -- -- - - - -- 0.0730 0.0055 | 0.0052
U-235 0.0175 | 0.0176 | 0.0175 0.0140 0.0140 0.0198 - - -
U-238 8.1763 | 8.2170 | 8.1763 .8710 .8710 9.2582 -- - -
Region | AB1 AB2 AB3 SC-AB NC-AB RB RR AR P
1abe1(?)
(a)



. TABLE A-3 !
DETAILS OF GGC-5 PROBLEMS FOR GENERATING CROSS SECTIONS USED IN ANALYSIS OF PHASE III GCFR CRITICAL EXPERIMENTS

Set J

Set G Set H Set I Set K
o ] Core Zone 1 Pu | Core Zone 1 U308 Core Zone 3 Core Calandria Blanket Calandria
GAROL specifications 7
Region No. 1 2 1 2 1 ] 2 1 2 1 2
Content Pu-U-Mo |Steel +| U30g [Steel + |Pu-U-Mo | Steel |Pu0,-U0, | Steel vo Steel
plate 0308 plate fuel plate pin *pin
Chord length, cm - 1.0200 |10.0290 | 1.1980 | 4.3265 | 1.0200 | 4.5045 | 0.8586 1.9701 | 0.8586 [ 1.9701
Dancoff factor 0.0849 0.2950 0.2524 0.2545 0.3048
Deunsity, 102,1/cm3
0 16:.3810 | 40.6550 | 7.7289 14,4720 (46,7862 47.1292
Cr 2.9067 3.3690 3.8388 5.0828 5.1058
Mn 0.2326 0.2695 0:.3076 0.3727 0.3742
Fe 14.6130 16.9370 23,1675 17.9347 18.0123
Ni 1.3307 1.5424 1.7869 2.2873 2.2987
Mo 2.4808 0.2924 | 2.4808
U-235 0.0592 | 0.0079 | 0.0332 | 0.0070 | 0.0592 0.0435 0.0462
U-238 27.1650 | 3.6398 | 15.2350 | 3.2022 |27.1650 19,1711 22.6370
Pu~238 0.0065 1 o0.0065 0.0020
Pu-239 9.6479 1.1373 | 9.6749 2,911
Pu-240 1.2831 0.1512 1.2831 0.3877
Pu-241 0.1332 0.0157 0.1332 0.0474
Pu-242 0.0197 0.0197 0.0066
Am-241 0.1408 0.1408 0.0372
Input buckling (B2), cm ' 8.15 x 107 8.15 x 1074 2.40 x 1073 8.15 x 107° 1.00 x 1078
Cell averagé one-group
results
Zf 0.005575 0.005584 0.010243 0.005611° 5.90 x 10_4
e = Zaza 0.004099 0.004099 0.005242 0.004091 0.003103
er n-17137 0. 171278 n, 17140 0, 170RR8 N,19271
kinfinity s 1.3601 1.3623 1.9540 1.3714 0.1902
Average DB 0.001585 0.001586 0.004668 0.001590
L 0.9808 0.9822 1.0336 0.9876 0.1900




: TABLE A-4 » :
SPECIFICATIONS OF SLAB CELL MODEL FOR DTFX CALCULATIONS OF CORE ZONE 1 HETEROGENEITY FACTORS

Region No.
1 2 3 4 5 6 7 8
Width, cm 0.23622 | 0.6350 | 0.09123 | 1.1940 0.09123 0.32750 | 0.11573 0.2550
Coordinate, cm | 0.23622 | 0.87122| 0.96245 | 2.15645 | 2.24768 | 2.56518 | 2.68091 | 2.93591
Mesh intervals . 44 9 2 -6 2 5 3 9
Plate material Matrix U308 Void clad Void Void clad Fe203 ~Fue1 clad | Pu~-U-Mo
Density, 1021/cm3 T - 3 e T
o | 2.02906 [40.7213 | 1.0583 | 0.2173 | 1.0583 |52.6332 | 1.2832 -
Cr 13.0637 —- 8.1145 | 1.5050 -| 8.1145 1.2588 | 8.3740 -
Mn . 1.0577 - 0.6128 | 0.1196 | 0.6128 -} 0.1012 | 0.7088 -
Fe .. 146.6569 -—- | 28.3303 .| 5.3084 {28.3303 [41.0596 |28.9340 | --
Ni - 5.6935 - 4.0604 | 0.6737 | 4.0604 0.5475 | 4:1080 | --
Mo — - - - - - e 2.5996
U-235 - 0.0332 -- -- - -- - 10.0628
U-238 - 15.2705 - - - - - 28.8641
Pu-239 - - -~ | - - - -~ {10.1082
Pu-240 — — - - I - 1.3482
suesni S IR Y R EIT S o o 1407
Pu-242 . - - - - - - - 0.0207
Am-241 | - - - - — — | - 0.0944




values (diffusion constants) were provided by the cell-average macroscopic

transport cross sections.

Similarly, Tables A-5 and A-6 give the specifications of the slab cell
model used for the DTFX problem for the zone 3 core drawer loading. The
cylindrical geometry model for the pin cell core loading is described in

Table A-7.
A.4. RESULTS OF PERT CALCULATIONS FOR RADIAL WORTH PROFILES

Tables A-8 and A-9 list the reactivity coefficients derived via the
PERT code using real and adjoint fluxes from 2DB for the Phase III reference
configuration. The tabulated values have been normalized to the measured
central worths; i.e., the actual PERT output data have been divided by the

respective material C/E values listed in Table 5-2.
A.5. CALCULATED REACTION-RATE PROFILES

Tables A-10 and A-11 list the normalized fission and capture rate
distributions for the radial and axial directions, respectively, as obtained
from PERT edits of the XY- and RZ-geometry 2DB runs. The relative rates
were derived with the cell average fluxes and the heterogeneous cell average
cross sections, thus providing the in-plate reaction rates comparable-éoAthe

in-plate foil activation data.



TABLE A-5
GEOMETRY SPECIFICATIONS FOR DTFX MODEL OF CORE ZONE 3 PLATE CELL

Region Material Region Coordinate No. of .Mesh
No. Symbol(a) Width. © (cm) Intervals

1) ST1 ©0.2362 0.23620 3

2 ST2 0.06993 0.30613 2

3 VOID 0.5590 0.86513 3

4 ST2 0.06993 0.93506 2

5 FEO 0.31750 1.25256 5

6 ST3 0.09445 1.34701 3

7 PUU 0.5100 1.85701 9

8 ST3 0.09445 1.95146 3

9 FEO 0.31750 2.26896 5
10 ST2 0.06993 2.33889 2

11 VOID 0.59700 2.93589 3

(a)

Coﬁposition specified in Table A-6.
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TABLE A-6

COMPOSITION SPECIFICATIONS FOR REGIONS OF DTFX MODEL OF CORE ZONE 3 PLATE CELL

Plate Type, Symbol

Void Fuel
Matrix, Clad, Void, Fep03, Clad, Pu-U-Mo,
ST1 ST2 VOID FEO ST3 PUU
Density, 1021/cm3
0 2.0296 1:3125 0.2058 | 52.6215 1.5190 --
Cr 13.0637 13.0026 1.3059 1.0592° 9.7776 -
Mn 1.0577 0.7526 0.1036 0.0852 0.8298 -
Fe 46.6569 34.8628 4.5690 | 40.3203 33.7110 --
Ni 5.6935 5.0447 0.5883 0.4621 4.8248 --
Mo - - - — - .6026
U-235 -- - - - - 0.0639
U-238 -— - — - - 28.6580
Pu-238 - - - - - 0.0046
Pu-239 — - - - -- 10.1998
Pu-240 — - - - -- 1.3534
P7-241 - - - - -- 0.1307
Pu-242 - - -- -- - 0.0184
Am-241 - - - - - 0.1025




. TABLE A-7
SPECIFICATIONS OF CYLINDRICAL CELL MODEL FOR DTFX
CALCULATIONS OF HETEROGENEITY FACTORS FOR CORE PIN ZONE

Region No.

1| 2 3
Material ' Pu02-U02 ,rClaﬂ Coolant and .
: ' : smeared structure
Outer radius, cm 0.42900 0.52070 | 0.77922
No..mesh intervals' ' 12 4 9 '
Composition, 1021 a/cm2
0o : 45.2759 | 2.1430 |- 0.2064
Cr - | 16.8404 1.9361
Mn | — | 1.2567 0.1103
Fe , - 58.6579 6.8888
Ni ' - 8.6291 0.6348
U-235 0.0435 - -
U-238 19.1979 - -
Pu-238 0.0016 - -
Pu-239 2.9152 - —
Pu-240 0.3883 —- -
Pu-241 0.0475 - -
Pu-242 0.0066 - -
Am—241 0.0373 - -

“A-12



TABLE A-8
PHASE III CRITICAL EXPERIMENT CALCULATED RADIAL WORTH TRAVERSES
FOR CORE MATERIAL SAMPLES

Normalized Worth (Ih/kg)
Radius
Point | (cm) "Pu Enriched U | Depleted U SS

1 1.05 141.70 103.30 -7.6300 [ -4,4900
2 3.16 141,40 103.10 -7.6140 -4.6790
3 5.26 140.90 102.73 -7.5830 -4.6570
4 7.36 140.20 102.17 -7.5350 ~4.6250
5 9.47 139.20 101.42 -7.4730 -4.5810
3 11.57 137.90 100.48 -7.3950 -4.5270
7 13.68 136.40 99.36 -7.3020 -4,44630
8 15.78 134.70 98.07 -7.1940 -4.3890
9 17.88 132.70 96.60 -7.0210 -4.3050
10 19.99 130.50 94.96 -4.9340 -4.2110
11 22.09 128.10 93.15 -6.7840 -4,1090
12 24,19 125.50 91.18 -4.6200 | -3.9970
13 26.30 122.70 89.06 -6.4430 -3.8780
14 28.34 119.7 B6.84 -6.2590 -3.7540
15 30.32 116.70 §4.57 -4.0690 -3.6270
14 32.30 113.60 | 82.17 -5.8690 -3.4940
17 34.29 110.23 79.65 -5.6600 -3.35640
18 36.28 106.77 77.01 -5.4400 -3.2120
19 38.25 103.16 74.26 -5.2110 -3.0640
20 40.23 99.42 [ 71.41 -4.9730 -2.9110
21 42.21 95.56 68.45 -4.7240 -2.7550
22 44,19 91.59 65.40 -4.4710 -2.5970
23 44.18 87.53 62.28 -4,1850 ~2.4030
24 48.22 83.16 58.86 ~3.9340 -2.1580
25 50.31 78.45 55.37 -3.5800 -1.8670
26 52.41 73.61 51.87 -3.20990 ~1.5410
27 54.51 68.465 48.35 -2.8440 -1.2130
28 56.61 63.62 44.84 -2.4850 -0.8860
29 55.71 58.56 41.35 -2.1340 | -0.5440
30 60.81 53.53 37.93 -1.7960 -0.2519
31 | s2.90 48.41 . 34.42 -1.4280 0.1298
32 . | a4.78 44,06 31.50 -0.9397 0.4950
33 44.44 40.17 29.04 -0.6215 0.8460
34 68.10 36.45 26.79 -0.2908 1.2370
35 69.76 33.24 25.07 0.3156 2.1320
36 71.54 30.00 23.72 0.4222 2.1640
37 73.49 26.89 21.10 0.0823 1.3700 -
18 75.43 23.42 18.95 0.0542 1.1519
39 77.36 20.465 16,87 0.0358 0.9530
40 79.29 17.99 14.92 0.0230 0.7810
41 81.23 15.62 13.12 0.0140 "0.4330
42 83.16 12.52 11.49 0.0073 0.5080
43 85.09 11.68 | 10.03 0.0020 0.4040
44 87.03 10.08 8.732 0.0023 0.3190
45 88.94 g.711 | 7.594 0.0058 0.2486
46 90.89 7.539 6.609 -0.0089 0.1920
47 92.83 6.550 5.763 -0.0116 0.1466
48 '94.76 5.722 [ 7 5.046 -0.0141 0.1103
49 96.49 5,088 | ¢ 4.445 -0.0162 0.0804
50 98.63 4.487 | .. 3.954 -0.0106 0.0721
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TABLE A-9 .
PHASE III CRITICAL EXPERIMENT CALCULATED RADIAL WORTH TRAVERSES FOR

POISON, MODERATOR, AND SOURCE SAMPLES

Normalized Worth (Ih/kg)

Radius
Point (cm) B-10 Ch2 Foam Cf-252 Li-6
i 1.00 -1928.,00 -222.44 1000.40 -i302.00
2 3.6 -1924.30 -222.10 299.50 -1499.30
kf .26 -1917.10 -221.42 $97.70 ~1493.90
4 7.36 ~1906.40 -220.39 995.10 ~1485.80
5 7.47 -1892.10 -219.01 9271.50 -1475.10
8 11.52 -1874.30 -217.29 987.10 -14461.80
7 13.68 -1853.10 -215.21 981.80 -1445.90
8 15.78 -1828.40 -212.77 975.70 |- -1427.490
§ 17.88 -1800.50 -209.96 948,60 -1404.50
10 19.99 -1769.40 -208.75 940.80 -1383.30
11 22.09 -1735.20 -203.13 ?32.00 -1357.80
12 24,19 -1598.00 -199.06 942.50 -1330,00
13 26,30 -1457.70 -194.51 232,10 -1300.00
14 28.34 -14146.20 -189.56 §21.20 ~-1268.90
15 30.32 -1573.40 -184.23 909.80 -1:37.10
164 32.30 -1528.30 -178.29 897.80 -1203.50
17 34,29 -1481.10 -171.66 885.10 -1168.40
18 34.28 -1431.80 -164.23 871.60 -1131.80
19 38.25 -1380.50 -155.88 857.40 ~1093.80
20 40,23 ~-1327.50 -146.45 842.460 -1054,40
21 42.21 -1272.60 -135.78 827.00 -1013.80
22 44,19 | -1216.10 -123.646 810.80 -971.80
23 46.18 -1157.60 -109.43 793.80 -928.50
24 48,22 -1094.10 -90.065 775.20 -882.19
25 50.31 -1027.80 -74.338 793.60 -831.10
26 s2.41 -9460.%7 -61.526 730.20 - =774.i0
27 54.51 -892.40 -51,032 704,90 ~-7148.00
28 S56.61 -824.30 -42.232 &77.90 -660.690
29 58.71 -756.40 -34.785 649.30 ~-601.80
30 60.81 -689.90, ~-28.549 619.40 -543.70
31 62.90 -624.30 -22.705 988.10 ~-488.80
32 64.78 -352.80 -23.801 358.30 -438.80
33 66.44 -499.10 -32.739 529.30 -393.10
34 68.10 -444.60 -44.216 498.70 -347.7
35 69.76 -391.10 ©-60.116 446.60 -300.00
36 71.364 -335.30 -91.529 430.90 -253.20
37 73.49 -284.60 -109.4¢6 395.00 -212.50
38 75,43 -236.50 -112.33 361,40 -174,90
39 77.36 -194.90 -109.08 330.20 ~143.06
40 79.29 -159.40 -101.91 301.190 -114.20
L] 81,23 -130.10 -92.535 274,10 ~94,08
42 83.14 -105.70 -82.165 249.30 -75.90
43 85.09 -85.648 -71.658 226.30 -61.08
44 87.03 -69.43 ~61,572 205.30 -49.10
495 88.96 -56.34 ~92.24¢4 185.90 -39.346
44 90.89 -45.87 -43.854 168.20 -31.78
47 92.83 -37.56 -36.459 152.00 ~25.48
48 94.74 -31.04 -30.044 137.20 -20.84
49 96.49 -25.98 -24.545. " 123.70 -17.10
- 50 98.63 -22.04 -19.707 111.40

-14.i0
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TABLE A-10

PHASE III CRITICAL EXPERIMENT CALCULATED RADTAL REACTION RATE PROFILES

Normalized Reaction Rates

Radius U-235 Pu-239 U-238 U-238 Li-6

Point (cm) Fission Fission Fission Capture Capture

1 1.38 999.80 999.80 29%.80 ?59.89 99%.80

2 4.14 998.20 998.20 993.40 298.10 998.190

3 6.91 995.00 993.20 995.50 974,80 294.30

4 9.67 990.10 990.50 991.30 235.990 982.830

5 12.43 783.70 984.30 §5.70 983,20 ?83.20

& 15.19 9759.60 976,49 978.70 974.99 974,90

7 17.95 945.90 @67 .40 979.50 ?64.90 754,90

8 20.72 954.60 956.50 961,00 953,20 953.30

y 23.48 741,460 . 944,20 950.20 935,89 %39.90
19 26.24 926.90 £30.29 ?38.50 924,460 224,80
1 29.00 210.60 714,79 225.80 962,70 907,90 .
12 31.76 892.50 897.720 912.20 E85.50 B839.20
13 34.53 72,460 B879.00 898.10 843,20 348,60
14 37.29 851.00 858,80 883.70 845.70 846.10
13 40,05 827.40 837.00 869.40 821.00 $#21.50
14 2.81 g801.90 313.40 855.70 794,30 774,80
17 45,58 274,20 788.20 843.30 765,20 765.90
18 48.34 744,60 757.80 842,20 735,60 726.90
19 51.10 713.30 728.00 821,490 703.790 &94.30
20 53.88 681,30 495,90 791.90 671.70 440.80
21 G6.63 $48.30 661.80 754.70 439,59 &26.30
22 99.3% 614.70 625.90 710.40 607.20 399,90
23 42,15 580.80 588.50 659.80 575.10 959,10
24 64.%1 538.90 543.89 608.30 537.70 513.60
25 67.67 506.20 502.190 515.690 510,50 480.80
24 70.4% 501.50 491,30 364.99 491.40 453,80
27 73.20 471.80 454.10 280,70 464,70 421,40
28 75.94 440,70 417.90 216.00 435,30 388,00
39 78.72 40%.40 383,50 166,490 404.70 355,00
3¢ 81.48 . 379.80 351.80 128.30 374.3G 323.34
31 84.25 352.30 323.40 99.05 345,10 294,40
32 §7.01 328.00 299.20 76.63 318,140 268.70
33 89.77 307.90 279.70 99.43 293.90 247,10
34 92.53 293.00 265.90 44,23 273,50 229,90
35 95.30 284.460 258.80 36.07 257.40 218.190
34 ?8.04 292.40 269.70 24,52 . 246,30 216,89
.37 100.862 278.640 260.50 15.15 220.90 201,09
38 103.58 244,00 230.00 ?.35 186,30 173,20
39 106.35 195,30 185.20 5.7% 145,00 137.%50
40 109. 11 137,60 130.80 3.42 101.69 96.59
41 111.87 74.10 70.40 1.89 55.11 52.40
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PHASE III CRITICAL EXPERIMENT CALCULATED AXIAL REACTION RATE PROFILES

~ Normalized Reaction Rates

Axial Pin Zone
Position U-235 Pu-239 U-238 U-238 Pu-239
Point (cm) Fission Fission Fission Capture Fission
1 1.02 999.80 999.80 999.80 979.80 997.80
Z 3.05 998.30 998.30 998.30 998.30 998.30
3 5.09 - 995.40 995.30 995.30 995.40 995.30
4 7.12 990.90 990.80 990.70 994.00 990.80
] ?.16 985.10 984.90 984.80 983.20 984.80
) 11.19 977.80 977.50 977.30 977.90 977.40
7 13.23 949.00 9468.60 968.30 968.50 9468.50
8 15.26 958.90 958.30 957.80 959.20 958.10
9 17.29 947.30 944.60 945,90 947.80 9464.40
10 19.33 934.50 933.59 932.50 935.00 233.20
t1 21.36 920.30 1 919.10 917.80 920.90 918.590
12 23.40 904.80 © 903.30 901.350 905.60 902.80
13 25.43 888.00 884.20 883.90 889.10 885.70
14 7.47 870.10 847.90 864.90 871.40 867.30
15 29.30 851.10 848.40 844.50 852.70 847.70
16 31.54 830.90 827.60 822.70 832.90 826.90
17 33.57 809.70 805.80 799.50 812.10 8035.00
18 35.41 787.60 783.00 774.90 790.40 782.00
19 37.64 764,60 75%9.10 748.80 768.00 758.10
20 39.48 740.80 734.30 721.30 744,80 733.30
21 41.71 716.30 708.60 692.40 721.00 707.60
22 43.735 691,20 682.20 661.80 $96.80 681.30
23 45.78 665.70 655,10 629.60 622.20 654.30
24 47.81 639.80 627.40 595.60 547.40 626.90
25 49.85 613.80 599.30 539.60 622.50 399.10
24 31.88 587.90 370.80 321.50 597.80 571.20
27 53.92 562.10 542.20 481.00 573.50 543.50
28 59.95 536.90 313.60 437.60 549.80 520.40
29 7.99 912.50 485.30 391.10 527.00 489.60
30 60.02 489.30 457 .40 340.80 505.40 464.40
3i 62.06 485.60 464,20 271.90 485.40 441.00
32 64.09 464.50 440,50 230,30 465.00 417.50
33 66.12 "443.30 417.30 195.20 444,20
34 68.15 422.30 394.90 1465.50 423,20
33 70.18 401.80 - 373,50 140.50 402.30
36 72.22 382.00 353.10 119.20 381.90
37 74.25 343.10 334.00 101.36 362.00
38 76.28 345.30 3146.40 84.20 343.00
39 78.31 328.80 300.30 73.38 324.90
40 80.34 313.90 285.90 62.52 308.00
4 82.38 300.640 273.40 93.33 292.30
42 B4. 41 289.40 263.00 45.53 278.10
43 84.44 280.30 254.90 38.92 265.90
44 88.47 273.70 249.30 33.3 234.790
45 90.50 269.90 244.70 28.53 243.90
44 93.07 277.00 257.40 19.85 235.60
47 96.17 257.00 242.70 11.90 205,40
48 99.27 . 213.20 203.40 7.10 . 164.40
49 102.346 154.10 147.80 5.06 -~ 116.40
- 50 105.44 85.38 82.10 2.5 44.59
31 108.87 45,02 ~ 43.38 1.98 . 34,89
92 112.60 38.43 37.03 1.47 30.04
33 116.34 32.11 30.96 1.36 23.39%
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