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SUMMARY 

A research program was initiated by the Sandia National Laboratories in 
1982 to provide benchmark type experimental criticality data in support of 

the design and safe operations of nuclear fuel transportation systems. The 
overall objective of the program is to identify and provide the experimental 
data needed to form a consistent, firm, and complete data base for verifying 
calculational models used in the criticality analyses of nuclear transport 
and related systems. The results obtained from the initial series of 
experiments in this program are presented in this report along with a 
complete description of the experiments. 

The experimental measurements covered by this report were designed to 
provide benchmark type data on water moderated LWR type fuel arrays 
containing neutron flux traps. The experiments were performed at the U. s. 
Department of Energy Hanford Critical Mass Laboratory, operated by Pacific 
Northwest Laboratory. The experimental assemblies consisted of 2 x 2 arrays 
of 4.31 wt% 235u enriched uo2 fuel rods, uniformly arranged in water on a 
1.891 em square center-to-center spacing. Neutron flux traps were created 
between the fuel units using metal plates containing varying amounts of 
boron. Measurements were made to determine the effect that boron loading and 
distance between the fuel and flux trap had on the amount of fuel required 
for criticality. Also, measurements were made, using the pulse neutron 

source technique, to determine the effect of boron loading on the effective 
neutron multiplication constant. On two assemblies, reaction rate 
measurements were made using solid state track recorders to determine 
absolute fission rates in 235u and 238u. 

Benchmark type data were obtained on the 

• Effect on boron concentration on critical size 

• Effect of water gap between fuel and neutron flux trap on 
critical size 

• Effectiveness of boron concentration to reduce keff 
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In general these data indicate that the effectiveness of neutron flux traps 
for criticality control is relatively insensitive to boron loadings above 
about 0.1 g B/cm2 and are essentially ineffective when separated from the 
fuel unit by more than 6cm of water. Also the 235u and 238u fission rates 
observed indicate that the boron loading primarily affects the neutron 
intensity but not the neutron spectrum in a flux trap region. 
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CRITICALITY EXPERIMENTS TO PROVIDE 
BENCHMARK DATA ON NEUTRON FLUX TRAPS 

1.0 INTRODUCTION 

A research program was initiated for the U.S. Department of Energy (DOE) 
Sandia National Laboratories Transportation Systems Development Department in 
1982 to pro vi de benchmark type experi~menta l cri tical ity data in support of 

the design and safe operations of nuclear fuel transportation system. The 

overall objective of the program is to identify and provide the experimental 
data needed to form a consistent, firm, and complete data base for verifying 
calculational models used in the criticality analyses of nuclear transport 
and related systems. 

As an initial effort under this program, the existing experimental data 
suitable for validating neutronic calculations on 
storage systems were identified (Bierman, 1983). 

fuel transportation and 
In addition to identifying 

the existing data, areas in which additional data were needed to from a 

complete data base were also identified by the study. One area in which the 
study indicated additional data was particularly needed involved systems 
contain1ng neutron flux traps. Such flux traps are created in transportation 
systems and high density fuel storage racks by the practice of using sleeves 

or canisters containing strong thermal neutron absorbers around the fuel 
elements for criticality control. These arrangements create very effective 
neutron flux traps in which non-thermal neutrons escaping the absorber sleeve 
are thermalized and thus "trapped" outside the sleeves enclosing the fuel 
elements. The effectiveness of these flux traps to maintain a given degree 
of subcriticality is very sensitive to the amount of water between the 
absorber sleeves, the amount of absorber and the location of the flux trap. 
A recently completed multi-national exercise (CSNI Working Group, 1982) by 

the Organization for Economic Cooperation and Development's Nuclear Energy 

Agency (OECD-NEA) revealed an inability for calculational models to 
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adequately agree on the effectiveness of neutron flux traps in such systems. 
Consequently, the first in a series of criticality experiments to be 
performed under this research program were designed to provide data on 
systems containing neutron flux traps. The experiments and the results 
obtained are presented in this report. 

The experiments were performed at the U. S. Department of Energy Hanford 
Critical Mass Laboratory, operated by Pacific Northwest Laboratory of 
Battelle Memorial Institute. The experimental measurements are described in 
detail in the sections that follow. Briefly, however, the experimental 
assemblies consisted of 2 x 2 arrays of 4.31 wt% 235u enriched uo2 fuel rods, 
uniformly arranged in water on a 1.891 em square center-to-center spacing. 
Neutron flux traps were created between the fuel units using metal plates 
(T6061 Al or Boral™) containing varying amounts of boron. A photograph of 
one of the assemblies is shown in Figure 1.1. Measurements were made to 
determine the effect that boron loading and distance between the fuel and 
flux trap had on the amount of fuel required for criticality. Also, 
measurements were made, using the pulse neutron source technique, to 
determine the effect of boron loading on the effective neutron multiplication 
constant. On two assemblies, reaction rate measurements were made using 
solid state track recorders to determine absolute fission rates in 235u and 
zJsu. 

Boral is a trademark product of Brooks and Perkins, Inc. 

1 .2 



.· 
Figure 1.1 Typical Experimental Assembly 
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2.0 GENERAL DESCRIPTION OF EXPERIMENTAL ASSEMBLIES 

The experimental system and materials used in making the measurements 
covered by this report are described in this section. 

2.1 GENERAL 

An existing experimental system used previously in fuel element array 
studies at the Critical Mass Laboratory was used in performing the measurements 
covered in this report. This system, the Fuel Element Array System (FEAS), 
consists of a 1.8 m x 3m x 2.1 m deep, open-top, carbon-steel tank provided with 
a moderator/reflector dump valve, a control blade drive, a safety blade drive, a 
water deionizer, and associated electronic detection and interlock devices. An 
overall photograph of the system is shown in Figure 2.1 

The control and safety blade drive systems shown in Figure 2.1 were modified 
to permit replacing the blades with rod-type devices. Also, a set of lattice 
plates were positioned below the control and safety drives to permit assembling 2 
x 2 arrays of fuel until separated by a neutron flux trap. A photograph of an 
experimental assembly is shown in Figure 1.1 as typical. 

Data were obtained on water moderated assemblies of 4.31 wtt 235u enriched 
uo2 fuel rods at constant center-to-center fuel rod spacing of 1.891 em in a 
square arrangement. This lattice spacing results in a moderator-to-fuel volume 
ratio of 1.6, which approximates that found typically in Boiling Water Reactors 
(BWR) and in Pressurized Water Reactors (PWR). Each assembly consisted of four, 
near equally sized units of fuel rods separated by a neutron flux trap and 
varying amounts of moderator. Measurements were made with flux traps created by 
Boral plates of approximately equal thickness and containing 0.45 g B/cm2, 0.36 g 
B/ cm2, 0.13 g B/cmt, 0.05 g B/cmt, and no boron (aluminum plates). The width 
(thickness) of the flux traps was held approximately constant at 3.7 em (previous 
experiments, Bierman and Clayton, 1981, provided data on the effectiveness of a 
flux trap to reduce a system subcritical as the distance between plates 
increased). 
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Figure 2.1 Experimental System Modified for use in Experiments 
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All of the assemblies were fully reflected by at least 15 em of water on 
all sides and essentially free of any structural materials in the fuel and 
flux trap regions . All of the instrument thimbles were located outside the 
fuel area except in the subcritical pulse neutron source measurements. In 
these measurements the detector was located in the center of each assembly 
and the reactivity worth was measured in terms of assembly fuel loading. 
Except for the 1.2 em diameter T6061 aluminum guide tubes for the safety­
control rods and the 0.2 microgram 252cf source used in the critical approach 
measurements, all other material (lattice and base support plates) in the 
fuel-flux trap regions have neutronic properties similar to the water 
moderator. Consequently, each assembly can be considered as a fully water 
reflected and moderated assembly of fuel only, in which the fuel is separated 
by the specified flux trap and water gaps. 

2.2 FUEL RODS 

The fuel rods used to construct each experimental assembly were 4.31 wt% 
235u enriched uo2 rods previously obtained by downloading stainless steel 
clad rods, originally fabricated for Core II of the N. S. Savannah (Katz 
1969), and reloading the pellets into type 6061 aluminum tubes (see Appendix 
A for American Society for Testing Materials, T6061 Al Specifications) . A 
complete description of these rods is given in Figure 2.2. The uranium assay 
(1059.64 * 4.80 g/rod) and the 235u enrichment (4.306 * 0.013%) shown in 
Figure 2.2 for these rods are the average of six assays and six 
spectrographic analyses made on fuel pellets chosen at random during the 
reloading. The oxide density (10.40 • 0.06 g uo2/cm3) given in Figure 2. 2 is 
based on individual volume displacement measurements with 20 pellets selected 
at random during the reloading operations. The mass of uo2 per rod (1203.38 
• 4.12 g) is the average mass of the 1865 rods of this type available for use 
in the experiments. The fuel diameter (1.265 * 0.003 em) given in Figure 2.2 
was checked repeatedly during the reloading operations and found to agree 
with that quoted in the document characterizing Core II of the N. S. Savannah 
(Katz 1969). The rubber end cap density (1.321 g/cm3) quoted in Figure 2.2 
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Fuel : 1 .265 ± 0.003 em Dia. 

Rubber End Cap: 

Clad: 

1.415 ± 0 .003 em OD 
x 0 .066 em Wall 

1.278 em OD x 2.54 em Long 

Cladding: 6061 Aluminum Tubing 

Loading 

Enrichment - 4.306 ± 0 .013% 2JSu 
Oxide Density - 10.40 ± 0.06 g/cm3 
uo2 - 1203.38 ± 4. 12 g/Rod 
U - 1 059.64 ± 4 .80 g/Rod 

Uranium Composition: 

234U - 0.022 ± 0 .002 
2Jsu - 4 .306 ± 0.013 
2Jsu - 0 .022 ± 0.002 
2Jau - 95.650 ± 0.011 

End Cap: 

C-58 ± 1 wt% S-1 . 7 ± 0.2 wt% 
H-6.5 ± 0.3 wt% 0 -22.1 wt% (Balance) 
Ca-1 1.4 ± 1.8 wt% Si-0.3 ± 0.1 wt% 

Notes: 

1 . Error limits are one standard deviation 

2. End Cap Density is 1.321 g/cm3 

Figure 2.2 Description of 4.31 wt% 235Enriched U0 2 Fuel Rods 
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for the 4.31 wt% 235u enriched fuel is the result of a single mass-volume 
measurement with six end caps selected at random. The composition of the end 
caps is the result of four analyses on randomly selected end caps. 

2.3 MODERATOR-REFLECTOR 

As indicated previously, each assembly was moderated and fully reflected 
with water. Impurities analyses of three water samples taken during the 
experiments are given in Appendix B. 

2.4 LATTICE PLATES AND SUPPORTS 

Three 1.23 * 0.01 em thick, polypropylene lattice plates, having a C3H5 
molecular structure and a density of 0.90 g/cm3, were used to achieve and 
maintain uniform spacings between the fuel pins in each experimental assembly 
and between the fuel and the flux traps. Trace impurity levels for the 
lattice plates are given in Appendix C. Relative dimensions between flux 
trap materials and fuel positions in the lattice plates are given in each of 
the experimental assembly loading diagrams presented in Appendix D. These 
plates, which have neutronic properties similar to the water moderator, were 
the only structural materials in the fuel-moderator region of each assembly. 
The elevation of each lattice plate relative to other components in the 
experimental assemblies is shown in Figure 2.3. 

In each assembly the fuel pins were supported on a 5.08 em thick acrylic 
plate (1.185 g/cm3 containing 8 wt% H, 60 wt% C and 32 wt% 0) mounted off the 
FEAS tank walls. The elevation of the acrylic support plate, relative to 
components in the experimental assemblies is shown in Figure 2.3. 

2.5 FLUX TRAP PLATES 

The neutron flux traps between the fuel units were created by 
positioning parallel plates of Boral, separated by about 3.75 em of water, 
between the fuel. The fuel units were not encased on all four sides since 
the measurements are concerned only with interaction between the units. 
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Top of Feas Tank 
213 em --------------- -

Minimum Water Level 

132.48 em - ----------------

Top of Fuel Rods 
117.48 ± 0.34cm - """----------------

j_ 
Polypropylene Lattice Plate 92.08 ± 0 . 16 em - 1---....;...~:;.;..;~.;,;,;;;;..;.;;.;.;.;.;.;.~;.;.;.----f 

T 
1.23 ± 0 .01 em 

j_ 
Polypropylene Lattice Plate 33.66 ± 0 . 16 em - 1.23 ± 0 .01 em 

T 

Bottom of 

Fuel Rod"' ~---~~~~-~~-~~--~ 
6 

• "-., Polypropylene Lattrce Plate 20.96 ± 0 . 1 em ----~----~~~~~~~~~~----~ 

Acrylic Base Plate 

_l 
_ 1.23 ± 0 .01 em 

5 .08 ± 0.01 em 

T 

Figure 2.3 Experimental Assembly Elevations 
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Also, not encasing the fuel on all sides permitted varying the size of the 
fuel units and the location of the fuel units relative to the flux trap 
region. 

The plates consisted of a homogeneous matrix of aluminum and boron 
carbide particles sandwiched between two thin (0.102 em) sheets of type 1100 
Al. Plates containing boron loadings of 0.45 g B/cm2, 0.36 g B/cm2, 0.13 g 
B/cm2 and 0.05 g B/cm2 were used in the measurements. The composition and 
the physical description of these plates are given in Table 2.1 The boron 
carbide particle size distribution is given in Table 2.2 and ASTM 
specifications for T1100 aluminum are given in Appendix A. 

TABLE 2.2 Boron Carbide Particle Distribution 

Particle Size Distribution 
em wt% 

)0.0300 0 
)0.0180 8.6 
)0.0045 81.7 
(0.0045 9.7 

As stated in a previous section, measurements were performed with a zero 
boron content in the flux trap plates. T6061 aluminum plates of 
approximately the same thickness and size as the Boral plates were used in 
these measurements. ASTM specifications for T6061 aluminum are given in 
Appendix A. 

2.6 CONTROL AND SAFETY BLADES 

The FEAS control and safety drives were provided with gadolinium rods 
such that each experimental assembly could be constructed in compliance with 
operating regulations and procedures. These rods and their associated Type 
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TABLE 2.1 Description of Neutron Flux Trap Plates 

6061 AI 0 .05 gB/cm2 Boral 0 .13 gB/cm2 Boral 0 .36 gB/cm2 Boral 
Element/ Absorber (wt%l(a)(bl (wt%)(a)(b) (wt%1(a)(b) (wt%l(a)(b) 

AI (c) 94.56 ± 0 .61 85.65 ± 0 .91 62.54 ± 2 .43 

B 0 4 .24 :1. 0 .25 11 .20 ± 0 .64 29.22 ± 1.87 

c 0 1.18 ± 0 .07 3.12 ± 0.48 8 .16 ± 0 .52 

0 0 0.01 0 .02 0 .06 

Fe (c) 0.01 0 .01 0 .02 

Core Density, g/cm3 2.69 ± 0 .01 2.64 ± 0 .01 2 .64 ± 0.01 2.64 ± 0.01 

Thickness, cmldl 0 .63 ± 0 .001 0 .663 ± 0 .003 0 .658 ± 0 .003 0 .673 ± 0 .003 

Length, em 96 96 96 96 

Width, em 45 45 45 45 

(a) Error limits are one standard deviation estimate 
(b) Composition of B4C-AI core matenal. Cladding is aluminum Type 1100 (Refer to Appendix AI . 
(c) Refer to Appendix A 
ldl Includes 0 . 203 em of Type 1100 aluminum clad 

' . 

0.45 g8/cm2 Boral 
(wt%1(a)(b) 

54.33 ± 1.11 

35.63 ± 0.82 

9 .95 ± 0 .19 

0 .07 

0 .02 

2.64 ± 0 .01 

'0.683 ± 0 .003 

96 

45 

. 
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6061 aluminum guides were located in the fuel regions of each experimental 
assembly such that the rods fall by gravity into the assembly should an out­
of-range condition exist in the control channels shown in Figure 1.1. The 
control and safety rods are not defined since all of the criticality and 
subcriticality data reported herein were obtained with these rods fully 
withdrawn from the experimental assemblies. ASTM specifications for the 
aluminum sleeves are given in Appendix A. The aluminum sleeves extended from 
the acrylic base plate shown in Figure 2.3 to above the top reflector level 
at locations shown in the loading diagrams for each assembly in Appendix D. 
The sleeves had a 1.283 em inside diameter and a wall thickness of 0.066 em. 

2.7 REACTION RATE DEVICES 

In one experimental assembly, fission and capture rate measurements were 
made using solid state track recorders and foils. These devices and their 
locations in the measurements will be discussed with the measurement data in 
Section 3. The devices and holders were not present during the criticality 
and subcriticality measurements • 
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3.0 EXPERIMENTAL MEASUREMENTS AND RESULTS 

The experimental measurements performed and the results obtained are 
covered in this section. 

3.1 EFFECT OF BORON CONCENTRATION ON CRITICAL SIZE 

One series of experiments were performed to measure the effectiveness of 
a neutron flux trap to reduce a system subcritical as the boron content, of the 
plate creating the flux trap, was varied. In these series of experiments, 
the flux traps were created, as indicated in Figure 1.1, by using plates 
containing either 0.45 g B/cm2, 0.36 g B/cm2, 0.13 g B.cm2, 0.05 g B/cm2, or no 
boron. For each boron loading the number of fuel rods required for delayed 
criticality was determined by incremently adding fuel in the four fuel position 
areas immediately adjacent to the flux trap region. For comparison purposes, 
data were also obtained for two boron loadings (0.45 g B/cm2 and 0.13 g B/cm2) 
with the fuel rod units 5.97 em from the flux trap plates. To the extent 
permitted by the delayed critical condition, fuel was distributed equally 
between the four fuel units in each assembly. Fuel loading diagrams for each 
experimental assembly are given in Appendix D. 

The experimental results obtained from these series of measurements are 
given in Table 3.1. As shown in Table 2.1, the plates used to create the 
neutron flux trap in each assembly were of slightly different thicknesses. To 
maintain a constant water region between the plates and fuel units over a set 
of measurements, the flux trap width was allowed to vary with the variation in 
plate thickness between assemblies. For intracomparision purposes, these small 
variations (3.71 em to 3.81 em) in flux trap widths should have a negligible 
effect on the measurement results (Bierman and Clayton, 1981). Consequently, 
the delayed critical sizes, shown in Table 3.1, are plotted in Figure 3.1 as a 
function of boron loading only. The critical size of each experimental 
assembly identified in Table 3.1 was determined by the approach-to-critical 
method to obtain well defined, fully water reflected, neutron flux trap 
assemblies consisting of water moderated fuel only. In an approach-to-critical 
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Experiment 
Assembly 
Number --

231(f) 
214R 
228 
230(fl 
229 
226 
227 

TABLE 3.1 Experimental Results - Delayed Critical 2 x 2 Lattice 
Assemblies of 4.31 wt% 23 5U Enriched U02 Fuel Rods in 
Water Separated by Neutron Flux Traps Containing 0 to 
0.45 g B/cm2 

Lattice Flux Trap Critical Size 
Spacinglal (b) Widthlbl (c) Boron Loadinglbl (b)(d) 

(em) (em) (g B/cm2) (Total Rods) 

10891 ± 00001 3071 ± 0 002 0.45 ± 0001 963 ± 1 
10891 ± 0 0001 3073 ± 0002 0036 ± 0002 952 ± 2 
10891 ± 0 0001 3076 ± 0002 0013 ± 0 001 910 ± 1 
10891 ± 00001 3075 ± 0 002 0 005 ± 0 .01 855 ± 2 
10891 ± 0 0001 3.81 ± 0 .02 0 00- 308 ± 1 
1 0 8 91 ± 0 0 00 1 3 .7 1 ± 0 002 0.45 ± 0 001 849 ± 1 
10891 ± 00001 3 .76 ± 0 002 0.13 ± 0 001 844 ± 1 

(a) Center-to-center distance between fuel rods in a square array 

Flux Trap to Fuel 
Separation (b) (e) 

(em) 

0 0295 ± 00040 
0 0295 ± 0 0040 
00295 ± 0 0040 
0 .295 ± 00040 
0 0295 ± 00040 
5 .967 ± 00040 . 
5.967 ± 00040 

(b) Error limits are one standard deviation estimates, limits on critical size include estimates on reproducibility 
(c) Perpendicular distance between plates 
(d) Total number of fuel rods in 2 x 2 unit assembly 
(e) Water gap between fuel rods and flux trap plate 
(f) 235u and 238u fission rates measured in these assemblies 
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measurement to determine the critical conditions for a system, neutron 
multiplication measurements are made as the parameter of interest is varied 
such that the system "approaches" criticality. By extrapolating subcritical 
data very near critical, a precise definition of the critical conditions for 
that system can be obtained with the parameter of interest being the only 
perturbing variable. In each of the experimental assemblies fuel was loaded 
into the lattice plates in increments that were neutronically symmetrical to 
each other. At each incremental fuel loading, neutron count rates were 
obtained using the three boron-lined proportional detectors identified as data 
channels in Figure 1.1. At the delayed critical condition the neutron count 
rate approaches infinity. Consequently the number of fuel pins required for 
criticality can be predicted by extrapolating a function of the inverse count 
rate to zero. 

As can be seen in Figure 3.1, the effectiveness of a neutron flux trap for 
criticality control is relatively insensitive to boron loadings above about 0.1 
g B/cm2• A decrease in boron content from about 0.5 g B/cm2 to 0.1 g B/cm2 in 
the neutron flux trap results in a decrease of only about 7% in the number of 
fuel rods required for criticality. Below about 0.1 g B/cm2, the effectiveness 
of the neutron flux trap is very sensitive to the boron loading. As indicated 
in Figure 3.1, the number of fuel rods required for criticality in the 
experimental assembly decreases by about a factor of 3 as the boron content is 
decreased to zero. 

3.2 EFFECT OF WATER GAP BETWEEN FUEL AND NEUTRON FLUX TRAP ON CRITICAL SIZE 

In a second series of experiments, measurements were performed to 
determine the effectiveness of a neutron flux trap to reduce a system 
subcritical as the distance between fuel and the flux trap varied. In one set 
of measurements each of the four fuel units were positioned equal distances 
from a neutron flux trap containing a fixed amount of boron (0.36 g B/cm2). At 
each separation distance, the delayed critical size of the assembly was 
determined. In another set of measurements, two fuel units were held 
stationary adjacent to the neutron flux trap. The remaining two units were 
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moved, in equal increments, away from the opposing two stationary fuel units 
such that the water gap between the fuel and flux trap varied in one dimension 
only. At each of these separation distances, the delayed critical size of the 
assembly was determined. Both sets of measurements were performed with a 
neutron flux trap created with plates containing 0.36 g B/cm2. As discussed in 
Section 3.1, the measurement results obtained at this concentration should be 
essentially insensitive to the estimated variation in boron (• 0.02 g B/cm2). 
In both sets of measurements, fuel was incremently added to each of the four 
fuel units to determine the delayed critical condition, as discussed in Section 
3.1, with essentially four equally sized fuel units. Fuel loading diagrams for 
each of the experimental assemblies are given in Appendix D. The measurement 
results and assembly descriptions are summarized in Table 3.2. 

Plots of the data are shown in Figure 3.2 and indicate a minimum critical 
sized assembly at a fuel to flux trap separation of about 6 em for both sets of 
data. As can be seen in Figure 3.2, the minimum for the four fuel units equal 
distance from the neutron flux trap is less than four critical units infinitely 
separated in water. Each fuel unit over this region contains less fuel than 
that required for delayed criticality in a single isolated unit (217 fuel 
rods) . Consequently, some neutron interaction exists between the units for the 
experimental assemblies to be delayed critical over this minimum, i.e., optimum 
separation region. 

3.3 EFFECTIVENESS OF BORON CONCENTRATION TO REDUCE Keff 

In a third series of experiments, measurements were performed to determine 
the effect of boron loading (creating a neutron flux trap) on the effective 
neutron multiplication constant (keff). In these series of experiments, pulse 
neutron source measurements were performed to determine keff of neutron flux 
trap assemblies having multiple fuel loadings for each of the four boron 
concentrations of 0.45 g B/cm2, 0.36 g B/cm2, 0.13 g B/cm2, and 0.05 g B/cm2• 
In each experimental assembly, the fuel rods were equally distributed among 
four units as indicated in Appendix D. Each fuel unit was located 0.295 * 0.40 
em from the borated plates creating the neutron flux trap. 
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Expenment 
Assembly 
Number 

214R 
224 
223R 
221R 
220R 
210 
215 
216 
217 
218 
219 
225 

TABLE 3.2 Experimental Results - Delayed Critical 2 x 2 Lattice 
Assemblies of 4.31 wt% 235U Enriched U02 fuel Rods in 
Water at Various Distances from a 3. 73 em Wide Neutron 
Flux Trap Created by 0.36 g B/cm2 Boral 

Lattice Cntlcal S1ze Flux Trap to Fuel Separationlb)(d) 
Spac,nglal lbl (b) (C) X y 

lcml !Total Rodsl (em) (em) 

1.891 :1: 0001 952 :1: 2 0.295 :t 0 .040 0 .295 ± 0 .040 
1 891 :t 0 .001 874 :t 1 2.186 :t 0.040 2.186 :t 0 .040 
1.891 :! 0 001 858 :t 3 4 .077 :t 0.040 4 .077 :t 0.040 
1.891 ' 0 .001 858 :t 3 7.859 :t 0040 7.859 :t 0 .040 
1.891.! 0001 860 :! 1 9. 7 50 ± 0 .040 9 . 750 ± 0 .040 
1 891 :1: 0 001 864 :t 2lel 00 00 

1.891 :t 0 .001 923 :t 3 0 .295 :1: 0 .040 2. 186 :t 0 .040191 
1.891 .! 0 .001 910 i 1 0 .295 ± 0.040 4 .077 ± 0.040191 
1 891 1 0 .001 906 :t 3 0 .295 :t 0 .040 5.968 :1: 0.040191 
1.891:!: 0001 907 :! 2 0 .295 :t 0.040 7.859 :!: 0040191 
1.891 .! 0 .001 909 :1: 1 0.295 :t 0 .040 9. 750 :t 0.040191 
1 891 :! 0 .001 975Hl 0 .295 :t 0 .040 00 191 

lal Center·to·center distance between fuel rods in a square array 
(bl Error hm1ts are one standard deviation estimates. Limits on critical size 1nclude estimates on reproducibility 
(c) Total number of fuel rods m 2 x 2 unit assembly 
ldl Water gap between fuel rods and flux trap plates 

(e) Four tunes the cntlcal s1ze (216 rods) of a s1ngle fuel unit 16 rods wide. 
(II Upper bound based partially on extrapolation of prev1ously reported data !Bierman and Clayton. 19811 
lgl Fuel un1ts C and D are stationary at Y - 0.295 :t 0.040 em 

3. 73 :t 0 .02 em 
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3.3.1 Measurement Technique 

In pulse neutron source measurements, a burst of neutrons is injected into 
a system in a fraction of a microsecond and its effect on the neutron 
population at some point in the system is observed as a function of time 
following the burst. In actual practice, the measurements are made by 
repetitively injecting bursts of neutrons into the system and accumulating the 
observed time behavior following each burst. The repetition rate and number of 
neutron bursts required depends on the statistics of the accumulated data, 
which, in turn, is dependent on the particular system. A proportional counter 
or a BF3 tube is generally used for the detection of the neutrons, and a mult i ­
channel analyzer is used as a series of sequentially gaged scalers for the 
storage of the neutron counts as a function of time following each burst. 

Since the pulse neutron source characteristically produces epi-thermal 
neutrons and since the neutron detector generally used is primarily sensitive 
to thermal neutrons, the count rate will reach a maximum and then begin to 
decrease exponentially as the epi-thermal neutrons slow down immediately 
following a neutron burst and become thermalized. Once an asymptotic 
distribution of neutrons .is reached in the system, the count rate, as a 
function of time following the neutron burst, can be described as the sum of 
two exponential terms: 

(1) 

One term describes the time behavior of the prompt neutrons and the other 
describes the time behavior of the delayed neutrons. Since the decay of the 
delayed neutrons is very slow compared to that of the prompt neutrons, Equation 
1 is generally written as: 

(2) 
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where No is a constant equal to the averaged delayed neutron contribution and 

is the prompt neutron contribution decreasing exponentially with time at a 
rate «1• 

After a period of time, the prompt neutron portion of the total population, 
that is due to the neutron burst, will approach the background level preceding 
the burst and only the delayed neutrons will remain. Since the prompt neutrons 
must all decay away before the delayed neutron contribution can be determined, 
the prompt neutron decay rate is a limiting factor in determining the pulse 
repetition rates and counting time intervals to be used. This rate of decay 
is dependent upon the system on which the measurements are being made. However, 
the faster the neutron spectrum, the faster the decay rate will be. Also, 
the further subcritical a system is, the faster the decay rate will be. 
Therefore it is possible to obtain the same decay rate for two different degrees 
of subcriticality. It is this ambiguous feature of the prompt neutron decay 
which prevents it being used as a direct measurement of reactivity, although 
it is directly related to the reactivity of the given system. The rate of 
decay of the prompt neutrons can, however, be used to obtain an effective 
multiplication constant, keff , for the system by the following relationship: 

(3) 

where «1 is the decay rate, Peff the effective delayed neutron fraction, and 
t the neutron lifetime in the system. However, this requires a knowledge of t 
and Peff and t is as difficult to calculate as keff• However, Equation 3 and 
the definition for reactivity, 

p - k - 1 ' 
k 
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can be combined to obtain an expression for the reactivity of a system in uni ts 
of p, i.e., dollars. 

a 1 -k8/i 
£. = - , 
8 k8/ i 

( 5) 

If the neutron generation time is assumed to be constant, Equation 5 can be 
reduced to: 

a -a 
£. = - 1 c, 
8 ac 

(6) 

where «cis the prompt neutron decay rate at delayed critical (k=1). However, 
the generation time does vary significantly with the degree of subcriticality. 
Also, «c is a parameter not generally available for fuel transport or storage 
systems. 

Three methods have been developed whereby the reactivity of a system can 
be determined directly from the pulse neutron measurements if the data can be 
obtained essentially free of energy and spatial effects. The earliest 
technique was suggested by Sjostrand (Sjostrand 1956) who simply separated the 
data into a prompt neutron component and delayed neutron component, as implied 
by Equations 1 and 2, and then approximated the reactivity by taking the rati o 
of the area under the prompt neutron curve to the area under the delayed 
neutron curve. 

( i ) SJ 
Prompt Neutron Area 
Delayed Neutron Area 
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Gozani (Gozani, et. al., 1965) improved on this by extrapolating the prompt 
neutron fundamental mode of decay back to time zero following the burst of 
neutrons, and taking the reactivity essentially as: 

(£.a) GO = _ Prompt Neutron Fundamental Mode Area (8) 
Delayed Neutron Area 

Garelis and Russell (Garelis and Russell 1963) developed a more rigorous 
theoretical model and showed that the prompt neutron count rates multiplied 
by a factor involving the reactivity of the system must equal the total area 
under the pulsed neutron source curve between time zero and 1/R following the 
burst of neutrons. 

ht 
R. 

e dt 
N 

dt + -j 
(9) 

Where A1e-«1t is the prompt neutron count rate at time t following the burst, 
No is the averaged delayed neutron count rate, and R is the pulse repetition 
rate. All the information needed to solve Equation 9 for kp/.t 1s available 
in the data obtained from the pulse neutron source measurement. Consequently, 
all the data needed to solve Equation 5 for the reactivity of the system is 
provided by the pulse neutron source data in the Garelis-Russell model. 

If energy-and space-independent kinetics data are not obtained in the 
measurements, correction factors must be applied to equation (7), (8), and 
(9) to account for any harmonic effect and kinetic distortion in the prompt 
neutron fundamental mode of decay. Although harmonic effects can be due to 
prompt, delayed, and other complicated forms of harmonics, prompt harmonics 
are generally the dominant harmonic factor (Gozani, 1972). Consequently the 
extrapolated area or Gozani, method of analysis (Eq. 8) is in general, least 
affected by harmonics. For this reason, and the fact that the Garelis-Russel l 
(GR) and Gozani (GO) methods of analyses (Eq. 8 and 9) affect the obtained 
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reactivities in opposite ways (Gozani, 1972, 1965), both the Gozani and the 
Garelis-Russell methods were used in analyzing each of the pulse neutron 
measurements covered in this report. In analyzing the data it was assumed that 
any kinetic distortion effects were negligible since the data were accumulated 
in the center of the experimental assemblies. However, it should be noted that 
the pulse neutron source was positioned just outside the core region in the 
reflector and may contribute some minor effects which may be of interest in any 
computational analysis of the data presented in this section. 

3.3.2 Description of Pulse Neutron System 

The pulse neutron source measurements were made with a Kaman A808 pulsed 
neutron source capable of being repetitively pulsed up to 50 pulses per second 
and having a neutron yield of about 109 n/sec . The source is encased in a si x­
inch diameter oil filled cylinder, 36 inches long, and can be moved about. In 
all of the measurements the source was located outside the lattice plates, at 
least 15 em from the fuel rods as indicated in loading diagrams shown in 
Appendix D. The source was positioned such that its tritium target was located 
approximately at the horizontal midplane of the assembly fuel region. The 
pulse neutron source measurement data were accumulated with a boron line 
proportional detector using a nuclear data ND66 channel analyzer operating in 
the time mode with 0.25 microsecond dead time between the counting channels. 
The neutron detector was centered at midplane in the center of the neutron flux 
trap as indicated in the loading diagrams shown in Appendix D. A diagram of 
the pulsed neutron source control and data acquisition system is shown in 
Figure 3.3 

3.3.3 Experimental Measurements and Results 

Measurements were performed at three assembly fuel loadings (306, 676, and 
855 fuel rods) as a function of boron loading in the plates creating the 
neutron flux trap. The measurement results obtained and the experimental 
assembly descriptions are summarized in Table 3.3 Delayed critical conditions 
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TABLE 3.3 Experimental Results - Average K and Prompt Neutron Decay 
Constants in 2 x 2 lattice AssemBfles of 4.31 wt% 2

3
5U Enriched 

U0
2 

~uel Rods in Uater Separated by Neutron Flux Traps 
Containing 0 to 0.45 g B/cm2 

Expenment Lattice Flux Trap Boron Loadmg 
Assembly Spacmgfal fbi W1dthfbl fcl (bl 
Number (cml (em I (g B/cm2) ---

229 1.891 :1:: 0 001 3.81 :1:: 0 .02 0 

230 1.891 :1:: 0 .001 3 .75 :1:: 0.02 0 .05 :t 01 

228 1.891 :t 0001 3 76 :1:: 0 .02 0 . 13 :t: 001 

214 1 891 :1:: 0 001 3 .73 :t 0.02 0 .36 :1:: 0 .02 

231 1.891 :t 0 .001 3 .71 :t 0.02 0.45 :t 0 .01 

fal Center-to-center diStance between fuel rods 1n square array 
lbl Error hmus are one standard dev1at1on estimates 

Fuel Loading 
(bl (dl 

!Total Rods) -
306 :t 1 (hl 

306 
855 :1:: 2 

306 
676 
855 

910 :t 1 

306 
676 
855 

952 :t 2 

306 
676 
855 

963 :1:: 1 

fcl Perpendicular distance between plates 
fdl Total number of fuel rods equally d1stubuted 1n a 2 x 2 umt assembly. Each unit 0 .295 
lei Based on an effective delayed neutron fract1on of 0 .0065 
Ill 
lgl 
(hi 

Average of mult1ple measurements 
Wuh neutron detector 1n the experimental assembly 
Delayed critical fuel loadmg w1th detector removed IS 308 

hl Determined by cr1t1cal approach expenment 

: 

1 1 fuel rods 

keff (el ffl (gl 

!GO I IGRI ---
1.0 fil 1.0 Iii 

0 .87 0 .84 
1.ofil 1.om 

0 87 0 .83 
0 94 0 .94 
0 99 0 .99 
1 ohl 1.0 hi 

0 86 0 .81 
0 .93 0 .93 
0 98 0 .98 
1.ohl 1.0fil 

0 .85 080 
0 .94 0 .93 
0 98 0 98 
1 ohl 1.0fil 

Prompt Neutronlfl fgl fbi 
Decay Constants 

(sec I 

4672 :t 60 

4663 :t 34 
2500 :1:: 14 

791 :t 3 

4773 :t 67 
2835 :t 17 
1160 :t 21 

4873 :t 60 
2838 :t 34 
1244 :t 34 

:t 0 040 em from flux trap plates 
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presented previously in Table 3.1 are shown in Table 3.3 also for ease of 
comparison with the subcritical keff values. The keff and prompt neutron 
decay constants reported in Table 3.3 for each assembly are averages obtained 
from multiple pulsed neutron measurements at the indicated assembly condition. 
Loading diagrams of each experimental assembly are provided in Appendix D. The 
data obtained from each of the multiple pulse neutron measurements are provided 
in Appendix E. 

Both the Gozani and the Garelis-Russell methods of data analyses require 
that a fundamental mode of decay be established. To determine if a single mode 
of neutron decay eventually existed in each set of measurement data, a 
technique developed by Pfeiffer, Brown and Marshall (Pfeiffer, 1974) in a Fort 
St. Vrain startup test was used. The technique makes use of the standard 
deviation obtained on the fitted value for the prompt neutron decay rate, «, 

and the random fluctuation of the fitted value for « within the standard 
deviation as measurement data immediately following the neutron burst is 
successively ignored in the fitting process. If it can be demonstrated that a 
decay rate, and the associated standard deviation, fluctuates within the 
standard deviation as data are deleted, it can be concluded that a single time 
rate of decay predominates and is the fundamental mode of neutron decay for 
that experimental assembly. 

The measurements at an assembly loading of 306 fuel rods, equally 
distributed between four units, provide data on a flux trap system in which the 
boron content is being depleted to zero. The keff values obtained at this 
assembly loading are plotted in Figure 3.4. As can be seen fn Figure 3.4, keff 
is essentially insensitive to boron content except at the very low boron 
loadings below 0.05 g B/cm2• The data indicate that little if any increase in 
keff would result from changes in boron loadings above 0.05 g B/cm2 in this 
four unit interacting array. 

To obtain more data near the critical condition, and thus more accurate 
data, the assembly loading was increased to 855 fuel rods and the measurements 
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repeated to delayed criticality at a boron loading of 0.05 g B/cm2• These data 
are also shown in Figure 3.4 and indicate the same general behavior in keff 
with boron loading. The keff data obtained at an intermediate assembly loading 
of 676 fuel rods is also presented graphically in Figure 3.4. 

Sufficient data were obtained for the 0.45 g B/cm2, 0.36 g B/cm2, and 0.13 
g B/cm2 loadings to permit determining a prompt critical fuel loading for each 
of these flux trap assemblies. By extrapolating the subcritical prompt neutron 
decay rates measured in each of these assemblies to a decay 
rate of zero, their respective fuel loading for prompt criticality can be 
determined as shown in Figure 3.5. The prompt critical loading for the 0.45 g 
B/cm2, 0.36 g B/cm2, and the 0.13 g B/cm2 flux trap assemblies is estimated to 
be 970, 960, and 930 fuel rods respectively. 

3. 4 Fission Rates in 235u and 238u 

Absolute 235u and 238u fission rates were measured in the 0.45 g B/cm2 and 
the 0.05 g B/cm2 flux trap assemblies using solid state track recorders (SSTR). 
In each assembly these SSTR were centered, at midplane, in the flux trap region 
between two fuel units as indicated in Figures 3.6 and 3.7. Fuel loading and 
critical assembly layout diagrams are also shown in Figures 3.6 and 3.7. 

3.4.1 Measurement Technique 

The absolute fission rate measurements were made using solid state track 
recorders prepared and analyzed by the Irradiation and Environment Group of 
Westinghouse Hanford Company. The use of SSTR to measure absolute fission 
rates is extensively discussed in readily available publications (Gold, 1968, 
Lippincott, 1979, and Roberts 1968). Briefly, however, fission rate 
measurements with SSTR are carried out using isotopic deposits of a fissionable 
material in contact with a recorder material such as mica. A typical SSTR 
geometrical configuration is shown in Figure 3.8 for a single deposit. 
Fissions in the deposit produce fission fragments that create damage tracks in 
the mica. These tracks can be optically counted, after suitable etching, to 
determine the number of fissions per atom of deposit per unit time of 
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irradiation. These measured fission rates can be input to a computer code such 
a FERRET - SAND-II (Schmittroth , 1979, McElroy, 1967) together with a starting 
neutron spectrum to obtain an adjusted calculated spectral shape (Lippincott, 
1979). 

3.4.2 Experimental Measurements and Results 

In each experimental assembly the 235u and 238 SSTR were irradiated 
simultaneously. Both irradiations were for a predetermined time of 200 seconds 
duration at an integrated power level, P, given by 

[ ( -t:.t/ 't') ] P = Po T 1 - e + t , 

where tis the irradiation time at a constant power level, P0 , and Tis the 
period at which this power level was approached, and t~t is the time spent on 
this period. Operational power-time histories for the two irradiations are 
given in Table 3.4. Power normalized fission rates measured in each assembly 
are given in Table 3.5 along with the deposit weights and track densities on 
which each fission rate is based. To obtained better counting statistics, the 
irradiations in the 0.45 g B/cm2 flux trap assembly were performed at a higher 
power level (factor of about 3) than in the 0.05 g B/ cm2 assembly. 
Consequently, the fission rates measured in each assembly have been divided by 
the relative power levels, to provide the comparable fission rates shown in 
Table 3.5. 

Although a single spectral index is only indicative of spectral change, 
the data presented in Table 3.5 indicates that the change in boron loading 
primarily affects the neutron intensity but not the neutron spectrum in the 
flux trap region. The ratio of 235u and 238u fissions (i.e., essentially 
thermal to epithermal fissions) in each assembly differ by only about 10%, 
which is within experimental error. However, the absolute fission rates differ 
by a factor of about 6 between the two assemblies. 
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TABLE 3.4 Power-Time History for SSTR Irradiations 

Ex per i1enta I Flux(T5a~b) Boron Irradiation Relative Flux Trap to 
Asseebly lidth a Loading(a) Ti•• Period Po .. r Fuel stifrtHon 

Nu1ber (ce) (g B/c•2 (sec) (sec) Level (c•) . . 
231 3.75 ± 1.12 1.15 ± 1.11 2H 121.8(d) 3 X 11•1l 1. 295 ± 1.141 

. . 
231 3.71 ± 1.12 1.45 ± 1.11 211 72.9(d) 11 X 11·1l 1.295 ± 1.141 

(a) Error li•its are one standard deviation esti1ates 

(b) Perpendicular distance between plates 

(c) later gap betwen fuel rods and flux trap plate 

(d) Ti1e on period was 237 sec and 111 sec respectively for aaseebliea 231 and 231 

.. 
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TABLE 3.5 Fission Rates in 0.05 g B/cm2 and 0.45 g B/cm2 Flux Trap Assemblies 

Isotope 

23su 

238U 

23su 

23au 

Deposit 
Density 
(!Jg/cm21 

46.22 ± 1.0% 

4522 ± 1.6% 

57.67 ± 1.0% 

4522 ± 1.6% 

Track 
Density 

(Tracks/cm2) 

Fission 
Density 

(Fission/Atom) 

0 .05 g B/cm2 Flux Trap Assembly 230 (b) 

5.963 (10)3 ± 1. 1% 5.096 (10)-14 ± 1.7% 

3 .42 (10)2 ± 5.5% 2.99 (10) - 17 ± 5.7% 

0.45 g B/cm2 Flux Trap Assembly 231 (b) 

Fission 
Rate(a) 

(Fissions/Atom sec) 

5.295 (10)- 7 ± 1.7% 

3.11 (10) - 10 ± 5.7% 

3 .583 (10)3 ± 1.7% 2.454 (10) - 14 ± 2.2% 8 .992 (10)-8 ± 2.2% 

1.52 (1012 ± 8.3% 1.31 (10)-11 ± 8.5% 4.80 (10)-11 ± 8.5% 

(a) For comparison the fission rates measured in each assembly have also been divided by the relative power level 
in each assembly 1 

(b) Ercor limits are one standard deviation estimates 
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4.0 CONCLUSIONS 

The nuclear criticality data obtained in this series of experiments 
involving LWR type fuel rod arrays separated by neutron flux traps indicate 

that the effectiveness of such flux traps for criticality control is relatively 
insensitive to boron loadings above about 0.1 g B/cm2• A decrease from 0.5 g 
B/cm2 to 0.1 g B/cm2 in the boron content of the Boral plates creating the 
neutron flux traps resulted 1n a decrease of only about 7% in the number of 
fuel rods required for criticality. Below about 0.1 g B/cm2, the effectiveness 

of the flux trap is very sensitive to the boron loading. Decreasing the boron 
loading in the experimental assemblies from about 0.1 g B/cm2 to zero resulted 

in a factor of about 3 decrease in the number of fuel rods required for 
criticality. Similar variations in keff with boron loading were observed. The 
experimental criticality data also indicate that for maximum effectiveness the 
separation between fuel and flux trap should be less than 6 em at separations 
greater than 6 em the flux trap is essentially ineffective and isolation 
between units is due to absorption in the water alone. 

Although a single spectral index is only indicative of spectral change, 
the measured fission rates indicate that a change in boron loading primarily 
affects the neutron density but not the neutron spectrum in a flux trap region. 
The ratio of 235u and 238u fissions (i.e., essentially thermal to epithermal 
fissions) differed by only about 10%, which is within experimental error, 

between boron loadings of 0.05 g B/cm2 and 0.45 g B/cm2. However, the absolute 
fission rates differed by a factor of about 6 between the two assemblies. 
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APPENDIX A 

Density and Chemical Composition of Type 6061 and Type 1100 Aluminum 

Density and American Society for Testing Materials (ASTM) chemical 
specifications for the aluminum present in the experimental assemblies are 
presented in this Appendix. 
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ASTM STANDARD 8210-78 SPECIFICATIONS FOR TYPE 6061 ALUMINUM 

Element 

Si 
Fe 
Cu 
Mn 
Mg 
Cr 
Zn 
Ti 
Al 

Element 

Each 
Total 

Chemical Composition 
Wt% 

0.40-0.80 
0.7 (Maximum) 
0.15-0.40 
0.15 (Maximum) 
0.8-1.2 
0.04-0.35 
0.25 (Maximum) 
0.15 (Maximum) 
Remainder 
97.36. 96.15 

Maximum Impurities 

0.05 
0.15 

Wt% 

Density: 2.69 g/cm3 

(not part of standard - measured by volume displacement) 
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ASTM STANDARD B210-7B SPECIFICATIONS FOR TYPE 1100 ALUMINUM 

Element 

Si 
Fe 
Cr 
Mn 
Zn 
Al 

Element 

Each 
Total 

Chemical Composition 

Wt% 

l 1.0 (Combined Maxium) 
0.05-0.20 
0.05 (Maximum) 
0.10 (Maximum) 

99.00 (Minimum) 

Maximum Impurities 

0.05 
0.15 

Wt% 

Density: 2.70 g/cm3 
(not part of standard - measured by volume displacement) 
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APPENDIX B 

Water Sample Analysis 

Samples were taken during the experiments of the water moderator­
reflector. The results of the sample analyses are presented in this Appendix. 
All analyses were performed in accordance with Standard Methods for the 
Examination of Water and Waste Water, 15th ed., American Public Health 
Association, Washington, DC. 
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TABLE B.l Analysis of Water Sample 

Anal sis 

pH 

Total alkalinity mg/liter as CaC03 
Bicarbonate alkalinity mg/liter as caco3 
Carbonate alkalinity mg/liter as Caco3 
Total dissolved solids mg/liter 
Sulfate mg/liter 
Nitrate (as N) mg/liter 
Fluoride mg/liter 
Chloride mg/liter 
Cadmium mg/liter 
Copper mg/liter 
Chromium mg/liter 
Iron mg/1 iter 
Lead mf /liter 
Manganese mg/liter 
Zinc mg/1 Her 

802 

TTC-1 

7o7 

51.2 

49o5 

(Oo5 

109 

16 

(Oo38 

(Oo1 

11 
Oo0018 

(Oo01 
(Oo01 

Oo12 

(Oo 002 

(Oo01 

(Oo05 

Sample Number 

TTC-2 

7.7 
49o2 

42 

(Oo5 

98 

20 
Oo13 

Oo12 

3o7 
Oo002 

(Oo05 

(Oo01 

(Oo05 

(0 0 002 

(Oo01 

(Oo05 

TTC-3 

7o7 

49o7 

42 

(Oo5 

100 

21 

0 o13 

Oo11 

3o7 
Oo002 

(Oo05 

(Oo01 
(Oo08 

(0 0 002 

(Oo01 

(Oo05 
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APPENDIX C 

Trace Impurities Measured in Lattice Plate Material 

Trace impurity levels are presented in this Appendix for the polypropylene 

material used in fabricating the lattice plates for these experiments. The 
analytical results are from a spark source mass spectrographic analysis of 
samples taken from, and considered representative of, the polypropylene lattice 
plates. The spectrographic analysis were performed by the Hanford Engineering 
Development Laboratory, Richland, Washington, on October 17, 1985. 
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Element 

Li 

Be 

B 

F 

Na 

Mg 
Al 

Si 
p 

Cl 

K 

Ca 

Ti 

v 
Cr 
Mn 
Fe 

Cu 

Zn 

Ge 
As 
Rb 
y 

Zr 
Mo 
Sn 

Br 

TABLE C.l Trace Impurities Present in Lattice 
Plates Parts per Million by Weight 

Sample Number 
TTC-4 

0.2 

I 

0.04 

-------
< 10 

< 6 

30 

8 

5 

I 

40 

-------
(100 

3 

< 10 

< 2 

-------
100 

< 10 

-------
< 5 

-------
-------
-------
-------
-------
-------

C.2 

TTC-5 

7 

I 

0.04 

-------
20 

10 

30 

8 

5 

I 

60 

-------
100 

10 

50 

2 

-------
100 

10 

-------
20 

-------

-------
-------
-------
-------
-------
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APPENDIX D 

Loading Diagrams for Critical and Subcritical Assemblies 

A loading diagram for each critical and subcritical assembly is presented 
in numerical order in this Appendix except for assemblies 222 and 225. 
Measurements on assembly 222 were performed in compliance with operating 
procedures and not reported herein since experimental data was not obtained. 
Assembly 225 is an identification number assigned to a set of conditions based 
on extrapolation (as indicated in the text). Experimental assembly 
identification numbers are provided in each diagram for cross reference with 
tables presented in the text. The neutron flux trap involved is identified in 
each diagram, and the fuel arrangement is shown for each critical and 
subcritical measurement. For the criticality experiments, the last 
neutronically symmetrical fuel rod loading is shown for which the delayed 
critical condition was predicted by extrapolation. In essentially all cases 
the indicated predicted delayed critical condition was verified by adding a 
partially symmetrical loading and partially withdrawing the control rods to 
obtain a positive period. For the subcritical assemblies the actual fuel 
loadings, with the neutron detector and the pulse neutron source in place, are 
shown. Based on replacement type measurements, the neutron detector has a 
positive reactivity worth equivalent to two fuel rods on the periphery of an 
assembly. 

The location of controls and safety rod guided sleeves are shown in each 
diagram. In those assemblies in which the guide sleeves occupied fuel 
positions, replacement type measurements were made to evaluate their reactivity 
worth in terms of fuel rods. 

D. 1 



0 

N 

• Safety Rod Guides 
• Control Rod Guides 

~ :0 ; ~· .:- :> + ·,. ~ :.. ' ..: ~ .... .;. J! 
(· ( .: f 0,:· ;c . ..:: ' ., ..:. ): .:. , . .. ,. -~ , . '(' y" .;-)t ..> .... , :- ~' 

... ~ :- . "' ~- .. - ... ;. 
(· ' .. .. ~- .. , ~: .: !\ ~ ( 

... \, .; !• * ..... (' t- Il'- . 
:0 ·:· .. ~ ;;: "' .: ~ (• ~ :-: ,. .:_ 

•• -: .. (• ,. o!o <- 0:· '· · .... .,. ; : ..) ,. ; 

~ --~ ~~: :!~:::;~.- ~:: 
~- : : ! : tl ~=:~ :: 

+ .. : .;;,; - ,., :.;- vx<i*i. -~ 
.;- t,llr.+e>4!\+.C.~'-V 

lll O ++0 +\...O,V,O::.)(· ( 

Borated Aluminum Plates 

I 

w 

..:. ~ ;ol . - . y -· ·1> <- - ~ -. -: , \' 
... :-: .:: :>:· ::::::: .. ..;. .. ·,.: ; :::; ·.;, ~ ~ 
•!· <· -? .-·:;;_:~ :::: "+- ... ~ <, -.)::::>: >.' ~ .?' 

:.~· r:.; It~ 2£Iii.f :~ ,: 
.l~i.·n~; 1 ~.fgn r~ 
;,.-r~. • :-r:-• ~t?} ·· : ~: 
~-~ -".; ~·-·.,. ·~ · .o ·,o·-~- : ... :): ::· ·:> ... : ~ :,0 

,-. .-,. :,0. '.( {.- ;> • + I ~ ~- .;: ~ , ¥ 

~~~~·~~~·~ - ~$~~·~ 

- 14 em- 45 em------ •-Cf Neutron Source Jw 
, .. ~· ~ • ' .. .. 0 ;a. (._ c £. .. 

<; lL Y 0 .0. 10- & f 0 I • .0 ( 

~ ~ + " t • •• -~ • <to • ' 

~~: ' ! · = ~ & :4t 
~.-~ .. .... . ........... " 

• ... • .. # ~ ( ( )I 

~ c- _,.: -o:· 10• ~ • - .. .-:- ~ ,_ 

~ ..... c "-"'I' 1'! + •. v v ' " 
.. ~ i~o' ' .. .... ~>t)41: ~_ (-

•.f._~-· ~- c- .. .. .. . ... + · 11 ,-.: ... ~ .. ·~ ; .-. .: ;. ~~ 
:w. 41: + • '· -) ~:: , _,. 
, ' " )0 "' .. " "' y .. ~:.:~ :~::::. 

.... - .. ~ .. " ... ' ~o: ::G:. ;;:: .. 

1.44B ± 0 .004 em Hole Diameter 
Fuel Rods Occupy Shaded locations 

••~•·•~v++<~v ~ •• 

···~~··· ~ ...... ..: .. ~ 
ll~••••~+o•r• ··'•..:~ :. ~ II ;. :: ~ ;:· :;~;- : 

1 1 ~1 ~- 0 .295 ± 0 .040 em 

Polypropylene lattice Plate 
1B2 em x 122 em x 1.23 ± 0 .01cm, ITyp of 31 

Assembly Number 
lattice Pitch 
Safety Rods 
Control Rods 

Fuel Rods 
Fuel 
Flux Trap Width. W 
Plates 
Boron 
kett 
Comments 

.. 

214R 
1.B91 ± 0 .001 em 
Out of System 
Out of System 

945 
4 .31 wt % 235U Enriched U02 
3 . 73 ± 0 .02 em 
Borel 
0 .36 ± 0 .02 gB/cm2 

See Comments 
952 Rods Predicted for Delayed 
Criticality 
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_'o_l l-0 .295 ± 0 .040cm 

Polypropylene lattice Plate 
182 em x 122 em x 1.23 ± 0 .01cm. (Typ of 31 

Assembly Number 
lattice Pitch 
Safety Rods 
Control Rods 

Fuel Rods 
Fuel 
Flux Trap Width. W 
Plates 
Boron 
kelt 
Comments 

... 

215 
1.891 ± 0 .001 em 
Out of System 
Out of System 

892 
4 .31 wt % 235U Enriched U0

2 
3 .73 ± 0 .02 em 
&oral 
0 .36 ± 0 .02 g/cm2 

See Comments 
909 Rods Predicted for Delayed 
Criticality with 8 Water Cells 
Created by Saftev and Control Rod 
Guide 

923 Rods Predicted for Delayed 
Criticality with Safety and Control! 
Rod Guides Replaced with Fuel Rods 
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1 1 ~~~- o 295 t 0 .040 em 

Polypropylene lattice Plate 
1B2 em 11 122 em 11 1.23 t 0 .01cm. ITyp of 31 

Assembly Number 
lattice Pitch 
Safety Rods 
Control Rods 

Fuel Rods 
Fuel 
Flu11 Trap Width, W 
Plates 
Boron 
kelt 
Comments 

216 
1.B91 t 0 .001 em 
Out of System 
Out of System 

892 
4 .31 wt % 23 5U Enriched U02 
3 . 73 t 0 .02 em 
Boral 
0 .36 t 0 .02 g/cm2 

See Comments 
B97 Rods Predicted for Delayed 
Criticality with B Water Cells 
Created by Safley and Control Rod 
Guide 

910 Rods Predicted for Delayed 
Criticality with Safety and Control! 
Rod Guides Replaced with Fuel Rods 

'• 
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1 1 ~~~- 0 .296 t 0 .040 em 

Polypropylene lattice Plate 
182 em x 122 em x 1.23 t 0 .01cm. ITyp of 31 

Assembly Number 
lattice Pitch 
Safety Rods 
Control Rods 

Fuel Rods 
Fuel 
Flux Trap Width, W 
Plates 
Boron 
kelt 
Comments 

,• 

217 
1.891 t 0 .001 em 
Out of System 
Out of System 

862 
4 .31 wt % 235U Enriched U02 
3 .73 t 0 .02 em 
Boral 
0 .36 t 0 .02 g8/cm2 

See Comments 
893 Rods Predict¥ for Delayed 
Criticality with 8 Water CeUs 
Created by Saftey and Control Rod 
Guide 

906 Rods Predicted for Delayed 
Criticality with Safety and Control! 
Rod Guides Replaced with Fuel Rods 
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1 1 ~l ~- 0 .295 :t 0 .040 em 

Polypropylene lattice Plate 
182 em x 122 em x 1.23 :!: 0 .01cm. (Typ of 31 

Aasembly Number 
lattice Pitch 
Safety Rods 
Control Rods 

Fual Rods 
Fuel 
Flux Trap Width, W : 
Plates 
Boron 
kell 
Comments 

218 
1.891 :t 0 .001 em 
Out of System 
Out of System 

892 
4 .31 wt% 235U Enriched U02 
3 . 73 :t 0 .02 em 
Borel 
0 .36 :t 0 .02 g/cm 2 

See Comments 
895 Rods Predicted for Delayed 
Criticality with 8 Water Cells Created 
by Safety and Control Rod Guide 

907 Rods Predicted for Delayed 
Criticality with Safety and Control Rod 
Guides Replaced with Fuel Rods 
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Polypropylene lattice Pille 
182 em x 122 em x 1 .23 :t 0 .01cm. ITyp of 31 

Assembly Number 
lattice Pitch 
Safety Rods 
Control Rods 

Fuel Rods 
Fuel 
Flux Trap Width. W 
Plates 
Boron 

k·" 
Commenll 

.. 

219 
1.B91 t 0 .001 em 
Out of System 
Out of System 

892 
4 .31 Wt "' 235U Enriched uo2 
3 . 75 :t 0 .02 em 
Boral 
0 .36 :t 0 .02 g/cm2 

See Comments 
B97 Rods Predicted for Delayed 
CriticaNty with 8 Wiler Cells 
Cre11ed by Safley and Control Rod 
Guide 

909 Rods Predicted for Delayed 
Criticality with Safety and Control 
Rod Guides Replaced with Fuel Rods 
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Fuel Rods Occupy Shaded locations 
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1 1 ~ ' - 0 .295 ± 0 .040 em 

Polypropylene lattice Plate 
182 em x 122 em x 1.23 t 0 .01cm, ITyp of 31 

Assembly Number 
Lettice Pitch 
Safety Rods 
Control Rods 

: 220R 
: 1.891 :t 0 .001 em 

Out of System 
: Out of System 

Fuel Rods : 852 
Fuel : 4 .31 wt% 235U Enriched U02 
Flux Trap Width, W : 3 .73 :t 0 .02 em 
Platea : Boral 
Boron : 0 .36 :t 0 .02 g/cm2 

ketf 
Comments 

See Comments 
860 Rods Predicted for Delayed 
Criticality 

.. 
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Fuel Rods Occupy Shaded locations 
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Polypropylene lattice Plate 
182 em x 122 em x 1.23 t 0 .01cm, ITyp of 31 

Auembly Number 
lattice Pitch 
Safety Rods 
Control Rods 

Fuel Rods 
Fuel 
Flux Trap Width. W 
Plates 
Boron 
kelt 
Comments 

.. 

221R 
1.891 t 0 .001 em 
Out of System 
Out of System 

B40 
4 .31 wt % 236U Enriched U02 
3.73 t 0 02 em 
Borel 
0 .36 t 0 .02 gB/cm2 

See Comments 
85B Rods Predicted for Delayed 
Criticality 
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Polypropylene lattice Plate 
1B2 em x 122 em x 1.23 t 0 .01cm. ITyp of 31 

A11embly Number 
lattice Pitch 
Safety Rods 
Control Rods 

Fuel Rods 
Fuel 
Flux Trap Width, W 
Plates 
Boron 
kelt 
Comments 

.. 

223R 
1.B91 t 0 .001 em 
Out of System 
Out of System 

840 
4 .31 wt % 235U Enriched U02 
3 . 73 t 0 .02 em 
Boral 
0.36 ± 0 .02 g/cm2 

See Comments 
85B Rods Predicted for Delayed 
Criticality 
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1.448 t 0 .004 em Hole Diameter 
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1 1 ~; ,_ 0 .295 t 0 .040 em 

Polypropylene lattice Plate 
182 em x 122 em x 1.23 t 0 .01cm, (Typ of 31 

Assembly Number 
Lettice Pitch 
Sefety Rods 
Control Rods 

Fuei Roda 
Fuel 
Flux Trep Width, W : 
Pletes 
Boron 
kett 
Comments 

.. 

224 
1.891 t 0 .001 em 
Out of System 
Out of System 

847 
4 .3 1 wt% 236U Enriched U02 
3 . 73 t 0 .02 em 
Boral 
0 .36 ± 0 .02 g/cm2 

See Comments 
B58 Rods Predicted for Delayed 
Criticality with 8 Water Cells 
Created by Saftey and Control Rod 
Guide 

B74 Rods Predicted for Delayed 
Criticality with Safety and Control 
Rod Guides Replaced with Fuel Rods 
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1.448 ± 0 .004 em Hole Diameter 
Fuel Rods Occupy Shaded locations 

1 1 ~~ '--- 0 .295 ± 0 .040 em 

Polypropylene lattice Plate 
182cmx 122cmx 1.23 ± 0 .01cm. ITypof31 

, 

Assembly Number 
lattice Pitch 
Safety Rods 
Control Rods 

Fuel Rods 
Fuel 
Flux Trap Width, W 
Plate a 
Boron 
koff 

Comments 

226 
1.891 ± 0 .001 em 
Out of Syatem 
Out of Syatem 

840 
4 .31 wt% 236U Enriched U02 
3 .71 ± 0 .02 em 
Boral 
0 .45 gB/cm2 

See Comment• 
849 Rods Predicted for Delayed 
Criticality 

'• 
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Fuel Roda Occupy Shaded locations 
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1 1 ~1 ~- 0 .295 :t 0 .040 em 

Polypropylene lattice Plate 
182 em x 122 em x 1.23 :t 0 .01cm, llyp of 31 

Anembly Number 
lattice Pitch 
Safety Roda 
Control Rods 

Fuel Rods 
Fuel 
Flux Trap Width, W 
Plates 
Boron 
kelt 
Comments 

' . 

227 
1.B91 :t 0 .001 em 
Out of System 

840 
4 .31 wt % 235U Enriched U0

2 
3 .76 :t 0 .02 em 
Borel 
0 .13 gB/cm2 

See Comments 
844 Rods Predicted for Delayed 
Criticality 
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Polypropylene lattice Plate 

fw 

182 em x 122 em x 1.23 t 0 .01cm. (Typ of 3) 

Assembly Number 
lattice Pitch 
Safety Rods 
Control Rods 

Fuel Rods 
Fuel 
Flux Trap Width. W • 
Plates 
Boron 
kofl 
Comments 

228 
1.891 t 0 .001 em 
Out of System 
Out of System 

900 
4 .31 wt% 235U Enriched U02 
3 . 76 t 0 .02 em 
Boral 
0 .13 g8/cm2 

See Comments 
910 Rods Predicted for Delayed 
Criticality 

.. 
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Polypropylene lattice Plate 
182 em 11 122 em x 1 .23 ± 0 .01cm, (Typ of 31 

Auembly Number 
lattice Pitch 
Safety Rods 
Control Rods 

.. 

229 
1 .891 ± 0 .001 em 
Out of System 
Out of System 

Fuel Rods : 306 
Fuel : 4 .31 wt% 235U Enriched U02 
Flux Trap Width, W : 3 .81 ± 0 .02 em 
Platu : R6061 Aluminum 
Boron : 0 
kett : See Comments 
Comments : 308 Rods Predicted for Delayed 

Criticality 



0 

0\ 

• Safety Rod Guides 
• Control Rod Guides 

~'•• • :t:o•••.~ • •o­
• 0 0 '(> 0 I' 0 0 t + ,.; f> L. ~. 

: : :: :::: : : : : :t J 
~ ~ .••••.• ' ~ -~ ~ ~ ~: :t: 
0 : ~ •• : 0 •.•• :;. • 0 " ~ ~: 
• ' •• • ~: 0 ~ ,. ··- ~ • ~· Q:. 
'4·V. o 4- It;,~ t ~-"tit ·~·~: 
<i ~ - w ~ o • fO ~ (II o 0 ~ ~: 
•• C! •• ,. 0 :1' .. 0 ~ ~- ~ o: 

: : !·: • : : t * : t :; 
~ .. ~ •• -... 0 .. ~ ~- , t: .. t * ............ ~ .... 
._ ~ • ' (l o f ~ ~ ' f '.P f 

Borated Aluminum Pletu 

w 
f--

I 

~ ~ ~·· 0 ~ ~ ._, ..... ~ 4!: :, . ~ -.~ •::.:;; •• -~· .. •.: 
:1·lJl ttl:;._; t ::.; : :.~ 
:i ~:i::i:i:i: i::~u:.~, i,~·~: 
::~!:n·u·l:!·~:~~u~ · :• .:.~ ., .. +:.' ~ ~·:~ ~ ~·!': ~ 
·~;•:P.::; ~·;~ ._!f. , •.•• ;:~#' 
:•: :•::ll::#. ,,;,.lL~ .• .. ~.#. .•. ~. lt,._ 

-14 em-+ 45 em •-Cf Neutron Source fw 
.,.., ... .,.~·····-' c••• ••v••• .. ~~~9 
·~ .. Of'O"-OO A ~O ilO~ 

:;:::: a ;: ~·::: : .. ,., .. ,. ..... ,.~ .... ~, .;, 

••"···-~ .. :;*"'(+ .. "" .... ~ ., .. , . .. " -; + :,.· 
6 • - -•.•• ' ~ •• > ·> (: ), 
• .t'f ~- , ... -••. • ~ •+•• 
.;. , .0: ·;;. • ~- ~ ~ - ~ . ~· .,} ;I y + 
•• •• ; •• ~ ~. ~- > .,..~ 

'> .. ,. .. ~ ..... ~ • 11' + ' .. ~ 
~:).·· · · ;, ~ - ,···· ~.:; 
)0_ • • • - • • * ~ -x- • '• .. ~ 

1.448 ± 0 .004 em Hole Diameter 
Fuel Roda Occupy Shaded locations 

• 

............. -... 4, ·~ 

••• il :• ..... , ••••• ': 
0. a. •• • •••• 0 . •• ~ 

~ •• • ..•• ~--,..lti...· . •. •.• 
•• + ..... . ... .. 
• • • 0 • • · . ... . .... :0 •• ~ 
9 t• ....... .. -.. -'!' ...... • "«: 
a. ·~- ~ ..... -. ;,~ ••••• , .•• 

·~~0-• t <> · ······ff .;,.t-)-++••···••-+•# 
:::~;::::::::: 
~-;;;: 7 + .......... * ~ 
• •• , ~ . .-~~- ,> .... o. 
~ ~ - :t 1i # •·:· ·- ....... . 
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Polypropylene Lettice Plate 
182 em x 122 em x 1.23 ± 0 .01cm, ITyp of 31 

Aaaembly Number 
Lettice Pitch 
Safety Roda 
Control Rods 

: 230 
: 1.891 ± 0 .001 em 

Out of System 
: Out of System 

Fuel Roda : B55 
Fuel : 4 .31 Wt% 235u Enriched uo2 

Flux Trep Width. W : 3 . 75 ± 0 .02 em 
Pletea : Boral 
Boron : 0 .05 ± 0 .01 g/cm2 

kelf : See Comments 
Comments : B56 Rods Predicted for Delayed 

Criticality 
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I I ~~ ~- 0 .295 t 0 .040 em 

Polypropylene Lettice Plete 
182 em x 122 em x 1.23 t 0 .01 cm, CTyp of 31 

Aasembly Number 
lattice Pitch 
Safety Rods 
Control Rods 

Fuel Rods 
Fuel 
Flux Trap Width, W 
Plates 
Boron 
kelt 
Comments 

.. 

231 
1.891 ± 0 .001 em 
Out of System 
Out of System 

960 
4 .31 wt % 235U Enriched U02 
3 .71 ± 0 .020 
0 .45 ± 0 .01 g/cm2 

Borel 
See Comments 
963 Rods Predicted for Delayed 
Criticellty 
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1 1 ~~ ~- 0 .295 t 0 .040 em 

Polypropylene lattice Plate 

fw 

182 em x 122 em x 1.23 t 0 .01 cm, (Typ of 31 

Aaaembly Number 
lattice Pitch 
Safety Roda 
Control Roda 

See Commenta 
1.891 t 0 .001 em 
Out of System 
Out of System 

Fuel Roda : 306 
Fuel : 4 .31 wt % 235U Enriched U02 
Flux Trap Width, W : See Comment• 
Plates : See Comments 
Boron 
keff 
Comment a 

Assembly 
Number 

229 

230 

228 

214 

231 

w 
lcml --
3 .81 

3 .75 

3 .76 

3 .73 

3 .71 

See Comments 
See Comments 
See Table Below 

B 
(g8/cm21 !GO I --

0 1.0* 

0 .05 0 .87 

0 .13 0 .87 

0 .36 0 .86 

0 .45 0 .85 

K., 
IGRI --
1.0* 

0 .84 

0 .83 

0 .81 

0 .80 

• Determined by Critical Apprroach Ellperiment 

'• 
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1 1 ~l ~- 0 .295 ± 0 .040 em 

Polypropyt.ne lattice Plate 
182 em x 122 em x 1.23 ;t 0 .01cm. ITyp of 31 

Assembly Number : See Comments 
lattice Pitch : 1.891 ;t 0 .001 em 
Safety Rods : Out of System 
Control Rods Out of System 

Fuel Rods : 676 
Fuel : 4 .31 WI % 235U Enriched U02 
Flux Trap Width. W : See Comments 
Plates : See Comments 
So ron : See Comments 
kelt : See Comments 
Comments : See Table Below 

K," 
A ssembly w 8 
Number I em) lg8/cm21 IGOI IGRI --- --

229 3.81 0 

230 3 .75 0 .05 

228 3 .76 0 .13 0 94 0 .94 

214 3 .73 0 .36 0 .93 0 .93 

231 3 .71 0 .45 0 .94 0 .93 
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' ' ~1 ~- 0 .295 ± 0 .040 em 

Polypropylene lattice Plate 
1B2 em x 122 em x 1.23 ± 0 .01cm. (Typ of 3) 

Assembly Number See Comments 
lattice Pitch : 1.B91 ± 0 .001 em 
Safety Roda : Out of System 
Control Roda : Out of System 

Fuel Rods : B55 
Fuel : 4 .31 WI % 235u Enr~hed uo2 

Flux Trap Width. W : See Comments 
Plates : See Comments 
Boron : See Comments 
kett : See Comments 
Comments : See Table Below 

K,u 
Assembly w B 
Number (em) lgB/cm21 IGOI IGRI -- -

229 3 .B1 0 

230 3 .75 0 .05 1.0* 1.0* 

22B 3 .76 0 .13 0 .99 0 99 

214 3 73 0 .36 0 9B 0 .9B 

231 3 .71 0 .45 0 .98 0 .98 

• Determined by Critical Approch Experiment 
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APPENDIX E 

Computerized Plots of Pulse Neutron Source Measurement Data 

The observed time behavior of the neutron flux in each of the pulsed 
neutron source measurements is presented in this Appendix as photo­
reproductions of computer plots obtained following data reduction and analysis. 
In each of the measurements, 511 data channels were used in accumulating and 
analyzing the time dependent data. All of the data have been corrected for 
coincidence losses. The least-square calculated fit of the data is also shown 
in each of the plots. The data indicated by an "X" were not considered in the 
least-squares fitting process; however, these data were included in the 
(Garelis and Russell 1963) reactivity determinations. The first data channel 
used in the least-squares fitting is identified as start channel in the legend. 

The fundamental mode and the delayed neutron plus background level, as 
determined by the least-squares fitting of the data, are shown as solid lines 
in each figure. The slope of the fundamental mode curve is tabulated in the 
legend of each figure as alpha in sec.-1 Also included in the legend of each 
figure are the Garelis-Russell (GRRHO) and the Gozani (GOZRHO) determined 
reactivities in dollars, the neutron background level during each measurement, 
the delayed neutron level as determined by the least-squares fit, and the data 
accumulating channel widths in microseconds. 

E.l 
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TTC-4 ASSEMBLY 228 WITH 0. 1345 G8/CM2 AND 306 FUEL RODS. 31MAR86. 
DETECTOR FOUR IN CENTER AT MIDPLANE OF FLUX TRAP.WATER TEMPERATURE 15C. 
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TTC-4 ASSEMBLY 228 WITH 0. 1345 G8/ CM2 AND 306 FUEL RODS. 15JULY86. 
DETECTOR 4 IN CENTER AT MIOPL.ANE OF FLUX TRAP. WATER TEMPERATURE 19C. 
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TTC-4 ASSEMBLY 228 WITH 0. 1345 GB/CM2 AND 906 FUEL RODS. 15JULY86. 
DETECTOR 4 IN CENTER AT MIDPLANE OF FLUX TRAP.WATER TEMPERATURE 19C 
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TTC-4 ASSEMBLY 228 WITH 0. 1345 G8/CM2 AND 306 FUEL RODS. 15JULY86. 
DETECTOR 4 IN CeNTER AT MIDPLANE OF FLUX TRAP. WATER TEMPERATURE 19C 
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TTC- 4 ASSEMBLY 228 WITH 0. 1345 G8/CM2 AND 676 FUEL RODS. 14JULY86. 
DETECTOR 4 IN CENTER AT MIDPLANE OF FLUX TRAP. WATER TEMPERATURE 19C. 
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TTC- 4 ASSEMBLY 228 WITH 0. 1345GB/ CM2 AND 676 FUEL RODS. 14JULY86. 
DETECTOR 4 IN CENTER AT MIDPLANE OF FLUX TRAP. WATER TEMPERATURE 19C. 
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TTC- 4 ASSEMBLY 228 WITH 0. 1345GB/CM2 AND 855~UEL RODS. 14JULY86 
DETECTOR 4 IN CENTER AT MIDPLANE OF FLUX TRAP. WATER TEMPERATURE 19C. 
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TTC-4 ASSEMBLY 228 WITH 0. t345GB/CM2 AND 855 FUEL RODS. 14JULY86. 
DETECTOR 4 IN CENTER AT MIDPLANE OF FLUX TRAP. WATER TEMPERATURE 19C. 
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TTC-4 ASSEMBLY 214 WITH 0.3626 GB/L AND 306 FUEL RODS.9APRIL86 
DETECTOR FOUR IN CENTER AT MIDPLANE OF FLUX TRAP.WATER TEMPERATURE 15C. 
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TTC- 4 ASSEMBLY 214 WITH 0.3626 GB/CM2 AND 306 FUEL ROOS.9APRIL86. 
DETECTOR 4 IN CENTER AT MIDPLANE OF FLUX TRAP. WATER TEMPERATURE 15C. 
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TTC-4 ASSEMBLY 214 WITH 0.3626 GB/CM2 AND 676 FUEL RODS.9APRIL86. 
DETECTOR FOUR IN CENTER AT MIDPLANE OF FLUX TRAP. WATER TEMPERATURE 15C . 
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TTC- 4 ASSEMBLY 214 WITH 0.3626 G8/CM2 AND 676 FUEL ROOS.9APRIL86. 
DETECTOR FOUR IN CENTER AT MIDPLANE OF FLUX TRAP. WATER TEMPERATURE 15C. 
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TTC- 4 ASSEMBLY 214 WITH 0.3626 GB/CM2 AND 855 FUEL ROOS.9APRIL86. 
DETECTOR FOUR IN CENTER AT MIDPLANE OF FLUX TRAP.WAT[R TEMPERATURE 15C. 
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TTC-4 ASSEMBLY 2 14 WITH 0.3626 GB/CM2 AND 855 FUEL ROOS.9APRIL86. 
DETECTOR FOUR IN CEtJTER AT MIDPLANE OF FLUX TRAP. WATER TEMPERATURE 15C. 
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TTC- 4 ASS~MBLY 231 WITH 0.4515 G8/CM2 AND 306 FUEL ROOS.8APRIL86 
D~TEClOR rOuR IN CENTER AT MIDPLANE OF I-LUX TRAP. WATER TEMPERATURE 20C. 
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TTC ASS~MBLY 231 WITH 0.4515 GB/CM2 AND 306 FUEL ROOS.8APRIL86. 
DETECTOR 4 IN CENTER AT MIDPLANE OF FLUX TRAP. WATER TEMPERATURE 20C. 
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TTC ·-4 ASS~t~BL Y 231 WITH 0. 4515G8/CM2 AND 306 FUEL RODS. 8APR I l.86. 
DETECTOR 4 IN LENTER AT MIDPLANE OF F:LUX TRAP. WATER TEMPERATURE 20C. 
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TTC-4 ASSEMBLY 231 WITH 0.4515 GB/CM2 AND 676 FUEL RODS. 7APRIL86 
DETECTOR FOUR IN CENTER AT MIDPLANE OF FLUX TRAP. WATER TEMPERATURE 20C. 
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TTC-4 ASSEMBLY 231 WITH 0.4515 GB/CM2 AND 855 FUEL RODS. 4APRIL86. 
DETECTOR 4 IN CENTER AT MIDPLANE OF FLUX TRAP. WATER TEMPERTURE 14C. 
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TTC-4 ASSEMBLY 231 WITH 0.4515 CB/CM2 AND 855 FUEL RODS. 4APRIL86. 
DETECTOR FOUR IN CENTER AT MIDPLANE OF FLUX TRAP. WATER TEMPERATURE 14C. 
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