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EXPERIMENTAL AND CALCULATED RESULTS FOR UO2 AND
U02-Pu02 FUELED H20-MODERATED LOADINGS

P. Loizzo, R. Martinelli, N. Pacilio,
L. D. Williams, J. B. Edgar

ABSTRACT

This report contains data collected during a series of
experiments in the Plutonium Recycle Critical Facility (PRCF)
using plutonium and uranium enriched fuel. The experiments
were designed to provide a base for assessing the accuracy of
calculational techniques used for designing plutonium enriched
cores in Boiling Water Reactors with regard to predicting core
reactivities, power distributions, and control system worths.
Reactivity and power distribution measurements were made in
both single region and multiregion loadings. Calorimetric tech-
niques were used to intercalibrate the different fuel types
for the multiregion loadings. The reactivity effect of various
control blade materials was determined as a function of the
prompt neutron decay rate (Rossi-Alpha). Theory-experimental
comparisons are based primarily on CNEN developed theoretical
models.
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EXPERIMENTAL AND CALCULATED RESULTS FOR U02 AND
U02-Pu02 FUELED HZO—MODERATED LOADINGS

P. Loizzo, R. Martinelli, N. Pacilio,
L. D. Williams, J. B. Edgar

INTRODUCTION

A cooperative program between USAEC and Italian Comitato
Nazionale Per L'Energia Nucleare (CNEN) was conducted at Argonne
National Laboratory (ANL) and at Pacific Northwest Laboratory
(PNL) under the auspices of the Plutonium Utilization Program.
The purpose of this program was to obtain experimental infor-
mation on the neutronic characteristics of plutonium fuel in
prototypical boiling water reactor (BWR) systems. The program
consisted of two separate but related areas of effort. One
was to obtain information on the neutronic characteristics of
fuels irradiated in the Experimental Boiling Water Reactor
(EBWR) at ANL during the joint ANL-PNL plutonium demonstration

experiment.(l-s)
(4-9)

The results of these studies are reported
elsewhere. The other area of effort which is the essence
of this report was to conduct critical experiments at Pacific
Northwest Laboratory (PNL) in the Plutonium Recycle Critical
Facility (PRCF) to obtain information on the neutronic char-
acteristics of plutonium and uranium enriched fuels in various
prototypical BWR loading schemes. These data provide a base ‘
for assessing the accuracy of calculational techniques used in
reactor design in regard to predicting core reactivities, power
distributions, and control system worth.

The physical arrangement of fuel and control rods coupled
with coolant voiding in a BWR lead to problems in predicting
power distributions and control system worths. In this

regard, the two main neutronic parameters investigated
were the determination of local power peaking factors and

the worth of reactor control systems. The calculation of
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reactivity changes due to coolant voiding is also important;

this parameter was measured in both the plutonium and uranium

enriched systems.

The experiments described by this report were designed

in such a way as to acquire solutions of how best to describe
mathematical models for the BWR. During the investigation of

the mathematical models, the following questions were asked:

Is a simple cell calculation adequate, or is it nec-
essary to allow for the interaction of surrounding

cells?

What kind of energy group structure should be used
in the calculation? What is the effect of the spectral
variations from element to water gap to a different

element?

Are diffusion calculations fully adequate for these

conditions?

What kind of model is to be used for a fuel element
to obtain the radial power shape within the fuel
bundle when large water gaps surround it and a dif-
ferent type of fuel is coupled with the one being

investigated?

What model should be used to calculate the trans-
parency of control rods to neutrons of different ener-
gies? Is the model adequate for both uranium and

plutonium systems?

Answers to these questions require experimental information

of the types reported here.
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SUMMARY
The general experimental program was as follows:

® Single region UO, and UOZ-PuO2 uniform lattice criticals
and power distribution measurements in varying degrees
of loading nonuniformity; i.e., water holes, water

slabs, water crosses, etc.

e Multiregion criticals and power distribution measure-
ments with typical fuel element arrangements surrounded

by UO2 and UOZ-PuO2

e (Control blade .measurements.using a variety of absorbing

driver regions.

materials in single region UO, and UOZ-PuO2 loadings.
The following items were emphasized during the experiments:

® DpPower distributions in single and multiregion loadings.

(Five different types of fuels were investigated.)

Control rod deformation of power shapes in UO2 and

UOZ-PuO2

® Direct correlation between prompt neutron decay rate

loadings.

(Rossi alpha).and control rod worth.

Power distributions were deduced from fission product
gross gamma activity; different fuel types were intercalibrated
by calorimetric measurements. Rossi alpha measurements were
made in critical and subcritical loadings using the endogenous
pulsed source method.(lo’ll) The calculations are based pri-
marily on CNEN developed theoretical models. (12°13)  The reli-
ability of the various models and the validity of the approxi-
mations were checked by comparison with experiments and with
other more sophisticated calculational schemes.

The theory-experiment comparisons demonstrated that the
CNEN models can predict local power peaking within 1 to 2%.

Development of the theoretical aspects of the Rossi alpha method
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revealed a method of calculating this parameter as an eigen-
value of the diffusion equations thereby permitting a direct

comparison between alpha measurements and calculations.



BNWL-1379

DESCRIPTION OF FACILITY

The Plutonium Recycle Critical Facility (PRCF) 1is an HZO-
moderated, low power reactor designed for the purpose of making
critical measurements with various types of plutonium and
uranium fuels. The reactor is contained in a right cylindrical
tank 9 ft. high by 6 ft. in diameter. Since the fuel for this
experiment was in the form of rods of different diameters and
lengths, two aluminum templates and an aluminum support plate
were used to position and support the fuel at the upper and
lower ends. The larger diameter, shorter fuel rods were both
positioned and supported by the two templates, while the smaller
diameter, longer rods, equipped with spacers to center them in
the upper template, were supported by the plate below the lower

template. See Figure 1 for an elevation view of the reactor.

The fuel rods were positioned on a 0.75 in. square lattice
pitch. Cruciform slots enclose a central nine by nine (9 x 9)
hole zone. The slots allowed for installation of typical BWR
cruciform (cross-shaped) control blades. Additional holes
between lattice positions in the central zone were provided
for aluminum thimbles used in the void experiments. Oversized
holes were also included at specific points in the lattice to
accomodate thermally insulated fuel rods during calorimetric
measurements. The lattice template details are shown in

Figure 2.

Shutdown and control of the reactor was maintained by two
control rods and four reflector sheets. Each control rod con-
sisted of a cluster of four Zircaloy-2 clad cadmium cylinders
with interchangeable fuel elements (followers) attached to the
bottom. The fuel followers were matched to the type of fuel
in the reactor. Each of the rods in a control cluster occupied
a lattice position as shown in Figure 2. The reflector sheets
were each 8 1/4 in. wide and 1/4 in. thick made entirely of Lexan
except for the encased cadmium (7.5 x 36 x 0.030 in.).
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There were four sheet slots at the middle of each side of the
template so that the sheet position could be changed depending
upon the size of the fuel loading. The elevation of the con-

trol devices relative to the fuel can be seen in Figure 1.

Core reactivity was also adjusted by moderator height.
The 1liquid level was remotely adjusted by means of a weir
which has a range from 3 in. below the bottom of the fuel meat
to 7 in. above the top of the fuel meat. The weir has a measured
reproducibility of +0.01 in, Water was continually pumped
over the weir maintaining a constant moderator level in the
reactor tank during the experimental measurements. The reactor
tank and a simplified view of the moderator system are shown
in Figure 3.

A typical plutonium fueled loading is shown in Figure 4,
The control devices are shown in their least reactive positions.
Figure 5 illustrates a typical uranium loading with the cruci-
form control blade installed.
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FIGURE 5. TYPICAL U02-2.35% 235U WITH TEST CRUCIFORM BLADE
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CRITICAL EXPERIMENTS

The measurements made during the critical experiments were
aimed specifically at reactivity determinations and power distri-
butions for single and multiregion loadings. The loadings inves-
tigated were directed toward determining the effect of water gaps,
voids, control blade materials, and various types of fuels on
reactivity and power shapes.

The critical experiments were divided into four parts:
single and multiregion loadings using 2.35 wt% uo, and U0,-2 wt%
Puo, (8% 247
during the multiregion measurements; UO,-4 wts Pul,, U0,-0.9 wt%
Pu0,, and U0,-2 wt$ Puo, (24% **Opu
these fuels can be found in Appendix A.

Pu) fuel rods. Three other types of fuel were used

). The specifications for

Voids were produced in the central element zone by using
aluminum (6061-T6) thimbles extending over the full length of the
core. A total of 64 thimbles (5/16 in. OD x 0.020 in. wall)
were placed in the holes shown in the lattice template in Figure 2
to simulate an approximate 25% moderator void in the central
element. The axial position of the thimbles is illustrated in
Figure 1.

REACTIVITY MEASUREMENTS

The excess reactivity of the investigated loading was deter-
mined by measurement of the critical moderator level with the
reactor control system in the most reactive position. The worth
of the moderator level from the critical height to an infinite
top reflector was the excess reactivity for the loadings.

The moderator level worth was calibrated differentially using
positive period measurements from an infinite top reflector to
below the top of the fuel meat. The calibration curve is shown
in Figure A-1.

The followers on the reflector sheets complicated clean

reactivity measurements. The presence of the followers, in all

12



BNWL-1379

cases, increased the core reactivity. This effect was measured
for the regular* U02-2 wt§ Puo, fuel loading and the basic®**

9 x 9 UO2 loading. From these measurements, the effect on the
other loadings was inferred.

POWER DISTRIBUTION MEASUREMENTS

Selected fuel rods were removed from each loading following
reactor operation and gamma counted at their axial mid-plane.
This gamma activity reflected the relative fuel rod power in
the single region loadings and was related to rod power in
multiregion loadings by application of gamma to power conversion
ratios for the various fuel types. The gamma activity measured
from each rod was automatically corrected for fission product
decay by using a dual system preset count technique. The system
employed two matched counting systems--one measured the rods
of interest (called the traverse system), and another provided
a means of correcting the measurements for radioactive decay
during counting (called the decay system). A fuel rod of simi-
lar exposure history to those being measured was placed in the
decay system at the start of the measurement and left there for
the duration of the measurements. The decay system was electron-
ically arranged to stop the traverse system after a preset
number of count has been obtained from the decay rod, thereby
correcting for decay. Both systems were matched according to
gain and energy discrimination. An integral counting method

was used; only gammas with energies greater than 0.5 MeV were
counted.

The fuel rods were rotated about their longitudinal axis
in the traverse system during the counting periods in order to
average the circumferential fuel rod activity. The decay rod

Regular loading - a uniform loading.

** Bagsic loading - a fuel loading where columns of fuel rods

were removed to isolate a central fuel rod array by water
slabs (7 x 7 and 9 x § fuel rod arrays were studied in
this program.)

13
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was not rotated. Figure 6 shows the traverse system with a UO2
fuel rod in counting position. A variable speed electric drill,

mounted to a movable arm, was used for rotating the fuel rods.

Items which had to be taken into consideration during count-
ing were electronic drift, variation in the backgrounds of the
two systems, counting dead time, and the difference in fuel rod
irradiation histories. Dissimilar gain drift between systems
was the primary problem. The setting of the energy cutoff on
the single channel analyzer was not felt to be a problem. The
baseline was set on the 22Na 0.511 MeV positron annihilation
peak using a coincidence circuit in conjunction with a multi-
channel analyzer. The system electronic drift was observed and
corrected for by using one rod as a drift monitor; counting it
periodically in the traverse system throughout the gamma measure-
ments. In most cases, the irradiation time of the fuel and the
decay time before counting were adjusted to avoid excessive count-
ing rates where dead time corrections would need to be applied.
However, where applicable, corrections were made using an experi-

mentally measured dead time.

Corrections were also made for differences in the background
activity of the fuel rods used in the measurements. In most
cases, the background contribution was insignificant compared to
that from the irradiation. However, to minimize this effect, rods
with similar irradiation histories were selected for the measure-
ment. For very long counting periods (up to 5 hr), the counting
rates from the fuel rods sometimes dropped below 500 counts/sec.
When this occurred, the difference in the backgrounds of the two
systems became significant. Normal background counting rates in
the traverse-system was 1 to 2 counts/sec compared to 6 to 10
counts/sec in the decay system. Corrections were applied to the

data when appropriate.

As previously mentioned, in multiregion loading, the gamma

activity for different types of fuel was converted to relative
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rod power by application of a gamma to power factor. These factors

were experimentally determined using two techniques: the measure-
. 14 -

ment of cladding heatup rate and OLa activity. These measure-

ments are discussed in detail in Appendix C.
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CONTROL BLADE WORTH MEASUREMENTS

Measurements of the worth of different materials loaded in
a test cruciform blade were made in U02-235% 235U (Configgations
A, B and C) and in UO,-2 wth Pu0, (8% 240Pu) (Configurations D,
E, and F) cores. Details of these configurations are given in
Figures 7 through 10, respectively. A total of ten loadings
containing the test cruciform blade were investigated, covering
a wide range of materials (boral, boron-carbide, hafnium metal
and oxide, rare-earth-pyrohafnate), thicknesses and shapes
(cylindrical and flat tubes).

Rod-worths were obtained by critical experiment and by
measurement of the decay of the prompt-neﬁtron-density follow-
ing a spontaneous burst of fissions. A detailed discussion of
the theory of these measurements is given in Appendix E, together
with descriptions of the test blade and materials, and a des-
cription of the electronic system used to measure the decay of
the prompt neutron bursts.

Typically in critical experiments, the focal point is the
correlation between measurements and calculations. The pro-

cedure is normally as follows:
[ 4

e A clean core is first loaded to critical. The nuclear
constants in a calculation of that core are adjusted
in order to give k = 1.

e After a control rod has been placed in the reactor,
a new critical loading is reached by increasing the
number of fuel elements. The nuclear constants of
the former case are used in a calculation of the
new core and only control rod constants are adjusted
in order to obtain the desired k = 1.

Although reliable, accurate, and widely used, this type of
reactivity determination may suffer from serious systematic
errors in the basic terms of the balance (Production = Absorption
+ Leakage) equation, which cancel each other in the summation

17
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and do not affect the equality k = 1. This way one may be led

to strongly erroneous rod constants and there is no practical

way to avoid such a circumstance unless one is no longer tied
only to critical measurements, viz. to the same leakage to absorp-
tion ratio.

The measuring of the prompt neutron density decay constant,
o, offers an alternative to the above mentioned situation and

leads to a control rod-worth determination of the following kind:

e A clean core is made critical (or subcritical). The
value of o is measured and compared to the one calculated
via code: nuclear constants are adjusted in order to
obtain the desired coincidence in terms of a;

e A control rod is placed in the reactor and the value of
o is measured for the subcritical system. The comparison
between calculated and measured values of o allows rod-
constants in the calculation to be adjusted in order to
obtain a successful matching.

The measurement of o is equivalent to a reactivity determina-
tion, although o may not be directly convertible in reactivity
units. This way one never introduces reactivity and actually
adopts o as a rod-worth parameter. This rod worth parameter is
sensitive to rod-constants, cross-section sets, neutron energy
spectrum and discreteness of energy groups, effective total frac-
tion of delayed neutrons, etc. When compared to the conventional
critical experiment for measuring rod-worths, the a-oriented pro-
cedure is characterized by the following facts:

e Rod-worths are not counterbalanced by fuel-additions;
their reactivity effect is measured by the degree of sub-
criticality from the initial clean core.

e An opportunity is available for measuring rod-worths in
rather different leakage to absorption ratios which is
very helpful in giving code calculations more significance
and confidence.
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® A better economy can be realized in terms of fuel ele-
ments since very large rod-worths can be measured with
no additional fuel elements required beyond those required
for a clean core criticality.

Among the various alternatives of pulsed neutron and reactor-
noise time-analysis experiments, the endogenous pulsed source
method has been chosen because of its straightforward relation-
ship to a, the economy of its application, and the relatively
fast execution and data reduction. The technique(l6) does not
require any external input of reactivity of neutron wave form
but instead it is based on observing the time decay of spontan-
eous bursts of neutrons, due to positive fluctuations of the
instantaneous power level above the long-time-avefaged level.
The parameter o is derived by a least-square fit of experimental
data to the following formula:(l7)

at

n(t) = NeAt (AFe -+ <F>)

where the symbols represent,

n(t) neutron density at time t

N total number of bursts analyzed

€ detection efficiency (counts/fission)
At sampling time-interval

<F> mean fission rate

AF amplitude of the spontaneous burst

The value of a, together with its standard deviation, was
obtained by fittihg prompt neutron decay data to the exponential
plus background formula using program LEARN.(IS)

Since only a few of the experiments were actually compared
with calculations, the significance of the measurements has been
checked against critical loading data. In fact, o and the criti-
cal number of fuel elements are compatible reactivity indexes.
Alpha is proportional to the amount of poison to be removed from

the reactor to reach prompt-criticality. On the other hand, the
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number of elements is related to the amount of multiplication
needed to restore criticality, i.e., to compensate the rod absorp-
tion with a diminished leakage.

EXPERIMENTS IN UO,-2.354% 235 CORES

The parameter o was measured for a basic 9 x 9 core at cri-
tical and in configurations made subcritical by insertion of the
test cruciform blade containing various neutron absorbing mater-
ials. Critical alpha (ac)*was measured for a clean (no blade in)
core and for two blade containing cores. A wide range of sub-
critical conditions was this way explored under the particular

viewpoint of the leakage of absorption ratio.

The survey of the performed experiments is given in Tables I
through III. A graphical comparison of the cruciform blade
measurements in Configuration A can be seen in Figure 11. From
the Tables one can see that the measurements and critical experi-
ments are consistant, since they lead to the same order of impor-
tance for the reactivity-worth of the rods under investigation.
It is interesting to note that no appreciable change appears in
the value of critical alpha when one goes from a clean core to
a core with a control blade and additional fuel elements. -

A strong difference in critical alpha was observed when
loading nonuniformities were eliminated, i.e., a regular core
was loaded. A value of a. = 165.7 = 1.8 sec_’1 (1.1%) was found
for a 385 fuel element regular core (see Figure 12 for Con-
figuration R) as compared with a value of a. = 134.0 = 1.1 sec_l
(0.8%) for the basic 9 x 9 core seen in Figure 10. The more
conspicuously thermal characteristics of the latter configur-
ation are well expressed by the value of o, which here plays
the role of an integral spectrum parameter. Results from 4-
and 5-energy group calculations of o for the regular configur-
ation are shown in Table IV and can be seen to be consistant

with the experimentally determined value.

* Critiecal alpha (a,) - value of B/& for a critical assembly.
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TABLE I. Values of o in Configuration A (461 U0O5-2.35 wt % 235y

Fuel Elements, Moderator level at 94.68 in.) and Criti-
Loadings for Different Control Blade Materials

Critical Loading

Control Measured Alpha in No. Moderator
Blade Configuration of Level,
Material A, sec-1 Elements in.
No Blade in Core 134.0 £1.1 (0.8%)* 461 94.68
HfO2 Cylinders 606 ~ +10 (1.6%) 557 94.58
HfO, Flat Tubes 652 . *14 (2.1%) 565 93.98
Hf Metal 0.09 in. ’

Thick 761 + 11 (1.4%) - 589 94.12
Boral 808 + 7 (0.9%) 593 ' 94.81
Hf Metal 0.155 in. _

Thick 812 + 7 (0.9%) 593 95.08
0.75 Hf02-0.25

B4C 834 + (1.0%) 597 95.06
B4C Cylinders 841 t (1.0%) 601 95.03
ReszZO7 Tiles 850 x (0.8%) 601 95.14
B,C Flat Tubes 881 11 (1.2%) 605 95.58

4
Boral with Wings 1426

I+

18 (1.3%) - -

* Critical Alpha
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TABLE II. Values of o in Configuration B(593 U0,-2.35 wt$%
235y Fuel Elements, Moderator Level at 94.81 in.)
and Critical Loadings for Different Control Blade
Materials.

Control
Blade
Material

Boral

0.75 HfO

B4C

B,C Cylinders

ReszZO7 Tiles

B4C Flat Tubes

2—0.25

Boral with Wings

Critical Loading

*

Critical Alpha

Measured Alpha in No.

Configuration of

B, sec.” Elements

135.5 + 1.2 (0.9%)* 593
153.5 £ 2.1 (1.4%) 597
159.8 = 1.7 (1.1%) 601
163.9 1.6 (1.0%) 601
188.2 £ 1.9 (1.0%) 605
535 +10 (1.9%) -

Moderator
Level,
in.

94.81

95.06
95.03
95.14
95.58

TABLE TII. Value of a in Configuration C(593 U0,-2.35 wt%

35U Fuel Elements,

Moderator Level at 95.66 in.)

and Critical Loadings for Different Control Blade
Materials.

Control
Blade
Materials

B4C Cylinders

B4C Flat Tubes

Boral with Wings

* (Critical Alpha

Measured Alpha in

Configurat

C,

sSec

ion

135.9
167.6 +

500 +

I+

1.5 (1.1%)*
2.0 (1.2%)
6 (1.2%)

Critical Loading

No.
of
Elements

593
605

Moderator
Level,
in.
95.66
95.58

TABLE IV. Measured and Calculated Values of Critical Alpha in
Configuration R (385 UO2-2.35 wt% 235U Fuel Elements,
Regular Loading, Moderator Level at 97.02 in.)

Measured o

-1
sec.

o

165.7 + 1.8

4-Group
Calculation,

sec.”

1

63.9

26
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2405,) CORES

EXPERIMENTS IN U02-2 wt% Pu02 (8%

The parameter o was measured for the basic 9 x 9 core at
slightly subcritical levels and for configurations made sub-
critical by test cruciform blade loadings identical to those
previously investigated 1in UO2 cores. The high spontaneous

240Pu, made measure-

fission background, due to the presence of
ments at criticality practically impossible because of the large
dead time in the BF3 counting system. It didn't help to place

the detector at a greater distance from the fuel because the
diminished efficiency (the ratio of the number of effective

counts to the total number of fission events in the reactor)

made the amplitude and repetition rate of the spontaneous bursts
smaller and lower, respectively. Thus, the value of o at criti-
cal was obtained by extrapolation of the results from a series of
a measurements made in configurations which were slightly sub-
critical by known amounts. These slightly subcritical configur-
ations were obtained by insertion of a calibrated reflector con-
trol sheet. The reactivity scale was calibrated by inverse multi-
plication measurements. A survey of these results, together

with the extrapolated value of critical a, is shown in Table V.
TABLE V. Results of Near-Critical o and Inverse Multiplication
T Measurements to Extrapolate Critical o in Configuration

D (257 UO2-2 wt% PuOj 8% 240py Fuel Elements,
Moderator Level at 95.00 in.)

Reflector Control Inverse
Sheet, Measured Alpha Counting Rate Reactivity
% Withdrawn ' sec.” Arbitrary Units $
46 127.8 + 1.4 (1.1%) 0.130 -0.284
42 140.8 =+ 1.7 (1.2%) 0.185 -0.404
39 153.7 2 (0.8%) 0.232 -0.506
36 164.9 = (1.0%) 0.294 -0.642
33 176.1 + (0.7%) 0.345 -0.753
30 1/4 184.1 = (0.6%) 0.385 -0.841

Extrapolated Critical Alpha: 100.5 * 0.4 sec.”™t (0.4%)

Reactivity Calibration: Delayed critical to prompt-critical
= 18 = 0.458 inverse counting rate units
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The value of a. was determined only for the clean core in
the UOZ-PuO2 measurements. Configurations E and F, which are
the rod-containing critical cores, were assumed to have the same
value of .- A comparison of the results from o measurements in
Configurations D, E, and F and critical loadings with different
control blade materials installed in the core are given in
Tables VI through VIII. Satisfactory agreement can be seen
between the results of the two procedures. A graphical compari-
son of the data from the cruciform blade measurements in Config-
uration D can be seen in Figure 13.

TABLE VI. Valgis of a in Configuration D (257 UO,-2 wt% PuO
8% Pu Fuel Elements, Moderator Levez at 95.00 in.)
and Critical Loadings for Different Control Blade
Materials.

Control Measured Alpha in No. Moderator
Blade Configuration of Level,
Material D, sec™1 Elements in.
No Blade in Core 100.5 + 0.4 (0.4%)* 257 95.00
HfO, Cylinders 855 + 10 (1.2%) 309 94.77
HfO2 Flat Tubes 941 + 9 (1.0%) 317 93.63
Hf Metal 0.09 in. 1132 + 15 (1.3%) 325 95.21
Hf Metal 0.155 in. 1199 + 15 (1.2%) 333 94.62
Boral 1194 + 19 (1.6%) 333 94.78
0.75 H£02-0.25
B4C 1268 + 18 (1.4%) 333 95.11
B,C Cylinders 1299 + 17 (1.3%) 333 95.31
Resz207 Tiles 1292 + 18 (1.4%) 333 95.41
B,C Flat Tubes 1322 + 15 (1.1% 333 96.47
Boral with Wings 1924 + 25 (1.3%) 397 94.18

* (ritical Alpha
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TABLE VII. Valu&s of o in Configuration E(333 UOy-2 wWt% PuO,
8% 240py Fuel Elements, Moderator Level at 94.78 in.)
and Critical Loadings for Different Control Blade
Materials.

Critical Loading

Control Measured Alpha in No. Moderator
Blade Configuration of Level,
Material E, sec.” 1 Elements in.
Boral (100.) % 333 94.78
0.75 Hf02-0.25 B4C 140.7 £ 1.6 (1.1%) 333 . 95.11
B4C Cylinders 153.7 £ 1.3 (0.3%) 333 95.31
Re Hf ,0, Tiles 160.8 + 1.4 (0.9%) 333 95.41
B,C Flat Tubes 216.0 = 1.7 (0.8%) 333 96.47
Boral with Wings 831 1.4 (1.7%) 397 94.18

* FEstimate of Critical o from Configuration D

TABLE VIII. Values of o in Configurations F (333 UO,-2 wt% PuO

8% 240py Fuel Elements, Moderator Levef at 95.31 in.)
and Critical Loadings for Different Control Blade
Materials.

Critical Loading

Control Measured Alpha in No. Moderator
Blade Configuration of Level,
Material F, sec.”1 | Elements in.
B,C Cylinders (100.)*% 333 95.31
B4C Flat Tubes 179.6 = 2.4 (1.3%) 333 96.47
Boral with Wings = 736 £ 10 (1.4%) 397 94.18

* FEstimate of a, from Configuration D

The measured value of o for the basic 9 x 9 core compares
favorably with the results from the 4- and 5-energy group cal-
culations shown in Table IX.
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TABLE IX. Measured and Calculated Values of o,
for Configuration D

Measured oy 4-Group Calculation 5-Group Calculation
sec.”1 sec.”1 sec.-1
100.5 = 0.4 104.1 102.5

The effect of loading nonuniformities was also checked for
the plutonium loadings. A value of a = 135.1 + 1.0 sec™! (0.7%)
was measured for the 321 fuel element regular core (see Figure 14
for Configuration U) as compared with a value of 100.5
+ 0.4 sec_1 (0.4%) for the basic 9 x 9 core. Values of
o for two subcritical configurations, containing Boral and
Hf metal (0.155 in. thick) rods respectively, have been cal-
culated for different parameters of the rod and compared with
measured values of a. The blades were considered as transparent
media for fast neutron groups while they were not so for epither-
mal and thermal groups. In fact, rod characteristics are sche-
matized in terms of boundary conditions for neutron energy
Groups 3 and 4, viz. the ratio.is given between neutron currents
and fluxes, as calculated in Appendix G. A summary of these
results is given in Table X. The theory-experiment correlation
is not fully complete, and further investigation is considered
necessary before making any substantial comment.
TABLE X. Values of o Calculated Via Different Epithermal and

Thermal Boundary Conditions Versus Measured o for
Selected Rods in Configuration D.

Control : Calculated o Measured a,
Blade Material J3/d3 Jy/ 04 sec.-1 sec. 1
Hf Metal,

0.155 in. 0.1271 0.3507 1208 1199 + 15
Boral 0.2055 0.4695 1316 1194 + 19
0.1500 0.4695 1264 1194 + 19
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DESCRIPTION OF THE CALCULATIONAL MODELS AND RESULTS
OF THE CALCULATIONAL STUDIES

In the reactivity and power distribution calculations, a
fuel rod was assumed to be sensitive only to its own spectrum.
The validity of this concept, especially in nonuniform loadings,
is dependent upon whether the nonuniformities can be adequately
described by a geometrical model. The microscopic cross sections
used were derived under the hypothesis that fuel rod cells were
surrounded by similar cells containing fuel rods.

Unless otherwise specified, the calculational method was
as follows:
e A set of constants (D, Z_, I., etc.) was generated with
. a’ "t (13) (19)
an infinite lattice model - RIBOT, HRG -THERMOS/
BATTELLE. (20)
were also generated, assuming that the neutron spectrum

Suitable constants for the water regions

was not perturbed by the neighboring fuel region.

e The experimental configuration was simulated with a two-
dimensional diffusion theory code in X-Y geometry -
EXTERMINATOR - 2.(21)
the same as in the core, to a point past the reflector

The mesh size in the reflector was

flux peak (about 6 cm beyond the core edge), where it
was then increased. The thickness of the reflector was
always more than 20 cm. When a water zone (water gap,
water hole, etc.) was present in the core region, it was
described with the same constants as the reflector water.

e An axial buckling of 0.00089 cm-2 was used, which corre-
sponds to a full axially reflected core. All experimental

keff values were for fully reflected cores.

® The power generated by a single rod was assumed to be
proportional to the number of fissions occurring in the
location corresponding to that fuel rod. Corrections were
not made for the different energy releases at fission from

235U and 239Pu.
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A series of calculations has shown that small deviations from
this procedure may result in systematic alterations of the power
profile (see case 15 in Table XI). The code RIBOT was used in
most of the calculations, although different lattice calculational
models were also checked for the most interesting configurations.
The reasons for the reliance on RIBOT are:

e The extensive theory-experiment correlations made on past
experiments using RIBOT make the code ready to be used and
free of preliminary normalization.

e The compact and standard form of the results, which are
obtained without intervention of human hands, produces
results which are free from uncontrolled mistakes; i.e.,
the simple physical assumptions used in RIBOT might be
wrong, but at least are self-consistent.

e RIBOT is a model in which the most important physical
choices have been already made and built-in, so that the
user is not obligated to answer the puzzling and some-
times embarrassing questions such as, '"How many space
points should be used for the calculation of the thermal
spectrum?'" or, "What model should be used for the calcula-
tion of the Dancoff factor?'" In other words, RIBOT is a
design and survey code and it was checked as such against
the experimental results.

EQZ-PUOZ SINGLE REGION EXPERIMENTS

The reactivity and power distribution theory-experiment cor-
relations are summarized in Tables XI and XII for the UOZ—PuO2
single region loadings. Detailed comparisons are provided in
Appendix B. Due to the different number of rods measured at
symmetrical positions, it was neither realistic nor considered
correct to compare their average gamma activity with the calcula-
tions. It was, therefore, decided to compare gamma activity of
each measured fuel rod with the calculations and to perform a

final statistical analysis on the differences between theory
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TABLE XI. Comparison of the Theoretical Models with Experiments'
(Basic 9 x 9, UOy-2 wt% PuO2 Configuration, Measured

keff = 1.0078 + 0.0001

Energy Meshes/ dk(l) (3)

2)  §F
' k-7 oppp, ,
Case Model (Set No.) Groups C(Cell Kegg milli-k g’

g
%

1 St. RIBOT (1) 5 9 1.0088 .0 1.36 1.6 + 1.1
2 St. ROBOT (1) 5 4 1.0122 .4 1.35 1.9 = 1.2
3 St. RIBOT (1) 5 1 1.0281 20.3 2.59 4.0 + 2.0
4 St. RIBOT (1) 4 9 1.0090 1.2 1.12 0.0 £ 1.2
) St. RIBOT (1) 4 4 1.0120 .2 1.19 0.5 1.3
6 St. RIBOT (1) 4 1 1.0273 19.5 2.69 2.5 2.0
7 St. RIBOT (1) 2 9 1.0188 11.0 1.18 0.5 % 2.0
8 BURNY (BNL-325) 2 9 1.0135 5.7 1.48 2.2 £ 1.2
9 BURNY (KFK-120) 2 9 1.0138 6.0 1.42 1.9 ¢ 1.2
10 BURNY (BNL-325) 2 4 1.0174 9.5 1.67 3.1 1.3
11 BURNY (BNL-325) 2 1 1.0352 27.4 3.12 5.9+ 2.1
12 HTH-L.W.* (12) 4 4 0.987 -20.8 1.66 1.4 + 1.3
13 HTH-S.W.* (13) 4 4 0.999 -8.8 1.61 1.2 + 1.2
14  TH/B-HRG** (14) 4 4 1.0092 1.4 1.20 -0.5 * 1.3
15 St.RIBOT (1) 4 4 (4 cm1.0200 12.2 (4.72) 1.0 * 1.4
in. Reflector) .
16 RIBOT, M.H. (15) 4 4 1.0065 -1.3 (2.31) -4.3 * 1.6
1. 6k = keff (calculated) - keff (measured)

2. Standard deviation of the rod power discrepancies @Rfibjbr the entire con-
figuration (Defined in Appendix B).

8. O8F - A theory-experiment rod power discrepancy indicator
(Defined in Appendix B)

* See text.
**  TH/B means THERMOS/BATTELLE
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TABLE XII. Comparison of the Theoretical Models with Experiments
(A1l U02—2 wtd PuO2 Configurations.)

ok (1)
Configura- iXP' Energy/Mesh k Milli- ORPD 6(Pmax/Pav)
tion eff Case Model (Set No.) Groups eff k > or SF(*), %
Regular 1.0005 17 St. RIBOT (1) 4/4 1.0035 2.9 1.06 -----------
18 HTH-L.W. (12) 4/4 0.975 -25.6 1.13 -----------
19 HTH-S.W. (13) 4/4 0.987 -13.6 1.13 -----------
20 TH/B-HRG (14) 4/4 0.9992 1.4 R
21  St. RIBOT (1) 5/4 1.0018 1.2  —---  mmmmmmmeo--
Water Hole 1.0020 22 St. RIBOT (1) 4/4 1.0048 2.8 1.29 1.2 + 1.3
23 St. RIBOT (1) 5/4 1.0031 1.1 1.32 0.5+ 1.3
Water Slab 1.0068 24 St. RIBOT (1) 4/4 1.0095 2.7 1.08 0.6 £ 1.3
25 St. RIBOT (1) 5/4 1.0088 2.0 1.35 1.2 = 1.5
Water Cross 1.0054 26 St. RIBOT (1) 4/4 1.0104 5.0 1.48 0.6 + 1.6
27 St. RIBOT (1) 5/4 1.0109 5.5 1.54 2.0 1.6
28 St. RIBOT (1) 4/9 1.0092 4.8 1.33 0.8 + 1.4
29 Mod. RIBOT (11) 4/9 1.0069 1.5 1.66 2.2+ 1.7
Basic 7 x 7 1.0038 30 St. RIBOT (1) 4/4 1.0080 4.9 1.58 -1.6 + 1.2%
31 St. RIBOT (1) 5/4 1.0086 4.8 1.11 0.0 + 1.1%*
9 x 9 Voids 1.001 32 RIBOT,Unif (16) 474 1.0073 7.2 3.54 -6.5 + 2.9%
33 RIBOT, (17-19) 4/4 1.0055 5.4 2.04 0.4+ 1.8%*
Nonunif.
34 RIBOT, (17-19) 5/4 1.0061 6.0 2.26 3.0 £ 1.6*
Nonunif.

1. 6(Pmax/Pav) and 8F - Theory-experiment rod power dis-

crepancy indicators (Defined in Appendix B)
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and measurement., All results were normalized to the average
gamma activity for the most active rod, except in those configura-
tions where the results for the most active rod were somewhat
uncertain. Because the basic 9 x 9 loading most closely simu-
lates an actual BWR fuel element, the most extensive set of cal-
culations was performed for that loading. It can be seen, from
the analytical results in Appendix B, that the expected experi-
mental deviation of the single region gamma measurements is of

the order of 1%. Agreement of the same order was the goal of

the theory-experiment correlations.

The initial calculations for the UOZ—PuO2 configurations
were for the basic 9 x 9 loading. Their main purpose was to
determine the optimum number of mesh points and energy groups
to be utilized in the calculational models (Cases 1 to 11 of
Table XI; Cases 1 to 7 use RIBOT + EXTERMINATOR 2, referred to
as Standard RIBOT). 1In each case, individual cells were des-
cribed by 1 x 1 (1), 2 x 2 (4), and 3 x 3 (9) meshes, which
corresponded to mesh sizes of 1.9050, 0.9525, and 0.6350 cm,
respectively. The various experimental configurations were
simulated in the calculations by meshes ranging from 20 x 20
to 45 x 45. 1In order to describe the reflector peaking region
in detail, core mesh sizes were maintained for three lattice
units into the reflector. The remainder of the reflector, to '
a point at least 20 cm from the fuel boundary, was depicted by
5 meshes (3 cm each).

By comparing the results summarized in Table XI (Cases 1
to 3, 4 to 6, and 7 to 11) it can be seen that the effect of the
variation in mesh size is very small between 4 and 9 meshes
per cell, but is significant for the 1 mesh per cell description.
In fact, the 1 mesh cell description is inadequate with every
scheme; an increase in reactivity of 1.5% and an increase in
the ratio of the power of the corner rod to the power of the
central rods of 2 to 3% are the net results of the coarse
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detail of the fuel regions. Calculations using 4 meshes
instead of 9 meshes overestimate the reactivity by about
4 milli-k and predict the power distribution with a similar
degree of accuracy. For almost all successive calculations,

only the 4 meshes per cell description was used.

Case 15 shows results for variations of the mesh size in the
reflector. In this case, while using the 4 mesh scheme in the
core, the mesh size in the reflector was increased from 0.9525
to 4 cm at the core boundary. As a result, the calculated keff
increased by 8 milli-k and the power from rod position 2 (see
Appendix B, Figure B-6) increased by 20% as compared with Case 5.
This variation of reflector mesh size also produced an effect
in the center of the core, changing 6F (defined in Appendix B)
from (0.5 + 1.3)% to (1.0 + 1.4)5%.

Variation in the number of neutron energy groups did not
produce major changes in the reactivity and power distribution
calculations. In fact, the 4- and 5-group (4G and 5G) calcula-
tions produced similar reactivity results, while the 2-group (2G)
calculation showed about a 1% overestimate. Comparing the power
distribution calculations (Cases 1, 4, and 7 of Table XI), one
realizes that the standard deviation of the discrepances between
theory and experiment go from 1.36% (5G) to 1.12% (4G) to
1.18% (2G). This slight decrease in precision for the 5-group
model is due essentially to a small overestimate of the peaking
factor. Using one of the theory-experiment correlation indicators
for the power peaking discussed in Appendix B, one finds 6F is
(1.6 £ 1.1)% for Case 1, (0 + 1.2)% for Case 4, and (0.5 + 2.0)%
for Case 7. This indicator suggests that the 4-group model best
predicts the critical areas where power peaking occurs.

Cases 8 to 11 show results employing the code BURNY(14)
instead of Standard RIBOT. A 2-group model and an earlier ver-
sion of RIBOT are utilized in BURNY. In Standard RIBOT, the
thermal group is divided into two zones (break point at 0.2 eV)
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each with different spectra and disadvantage factors. The con-
stants for the two thermal groups are eventually collapsed to
give the 2- and 4-group models or are utilized as such to give
the 5-group model. 1In BURNY, only one thermal group is considered
and one disadvantage factor calculated. Cases 7, 8, and 9 of
Table XI show the results of these different schemes. Cases 8
and 9 employing BURNY demonstrate that using different thermal
libraries (Schmidt's KFK-120 in Case 9 and BNL-325, an old
TEMPEST library, in Case 8) do not significantly change keff or
the power distribution. Using the KFK-120 library, the BURNY
model in Case 9 underpredicts keff by 5 milli-k and overpredicts
the power peak relative to Standard RIBOT in Case 7. It is worth
noticing, however, that although less precise than Standard
RIBOT, BURNY is faster by a factor of 2.5. This decreased com-
puter time is due to the possibility of allowing for diagonal
symmetries and to the greater intrinsic speed of the code
EQUIPOISE, used in BURNY to calculate the fluxes.

Case 16 shows the results of a different homogenization
model in the thermal group. In RIBOT, like all models for HZO
reactors, an '"average flux homogenization'" is used; namely, the

cross section is expressed by:

L= (EgVede v ZVpép)/ (Vegdge + Vpdp) -
In other words, the flux in the subsequent diffusion calculations

is assumed to be the cell average flux (qu;f + Vm¢m)/(Vf + Vm).

A different hbmogenization scheme is sometimes used in
DZO systems (SGHWR group at Winfrith);"'fhis scheme is some-
times called "moderator edge flux homogenization,'" which is
abbreviated (M.H.). It assumes that the flux of the diffusion
calculations represents the maximum flux in the moderator,
and the fuel only produces a perturbation to a moderator. The
average cross sections for this model were defined in the
following manner:

T(M.H.) = (zfvfcpf + zmvmcbm)/[(vf + Vm) x ¢m].
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There is no theoretical justification for either of the
two definitions. Perhaps a somewhat philosophical justification
should favor the M.H. scheme if one assumes that the flux in the
moderator must be continuous between cells or between core and
reflector. The M.H. model (using Cross Section Set 15 in
Appendix F) strongly underpredicts the peaking factor
(SF -4.3 £ 1.6)%. This suggests that the diffusion length in
the fuel should be calculated with the standard scheme since it
is overpredicted using the M.H. method.

The results of calculations made with codes other than RIBOT
are shown as Cases 12, 13, and 14. 1In all three schemes, the
codes HRG and THERMOS/BATTELLE were used to calculate the 4-group
constants. In the first two cases, a group structure similar
to RIBOT was used. The break points of the four groups were at
183 keV, 5.5 keV, and 0.683 eV. With both codes, heterogeneous
238, 239 240

u, Pu, Pu

u. These factors were calculated in the code assuming

self-shielding factors were introduced for
241
P

’

and
a black rod model for the Dancoff correction.* 1In both cases,
THERMOS/BATTELLE, contained in the code HTH, (?2) was used to
calculate the thermal constants. The most significant features
of these cases from the physics standpoint are:

® The source of thermal neutrons is calculated from HRG;
varies with the energy as well as with the space, and

® The diffusion coefficient is calculated as:
Dy, = /g J(E)D(E)AE/ S j (E)dE,
where j(E) is the net neutron current across the cell.

In Case 12 (Cross-Section Set 12), the Leonard-Westcott

Library was used for 239

Pu in the thermal region. These values
were derived from the values ca(E) and of(E) given by Leonard,

normalized to the values at 2200 m/sec given by Westcott

(2200 = 2.11). (23)

* The cross section calculations for Cases 12 and 13 were

executed by W.L. Purcell.
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The Schmidt library (KFK-120) was used in Case 13 (Cross-
Section Set 13) for 23°
2200 m/sec values normalized to the Westcott values. For this

Pu in the thermal region with the

case, the Schmidt library, which is used in RIBOT, was normalized
to Schmidt's values at 2200 m/sec (”2200 = 2.079).(24)

The group structure was quite different in the fast region
for Case 14 (Cross-Section Set 14).* The break points were
5.5 keV, 2.38 eV, and 0.683 eV. The library used in the thermal
region was the same as in Set 12. Cross Section Sets 12, 13,
and 14 are synthetically compared with Set 1 (Standard RIBOT)
in Table XIII.

TABLE XIII. Comparison of the Cross-Section Sets for
the UO,-2 wt% PuO, Models

2 2
: - 2 keff 2

Cross-Section Set No. (nf) _k  (B"=0.00934) 1, cm Lth\cm
, =0

1 (Standard RIBOT) 1.679 1.364 0.999 37.4 1.19

12 (HTH-L.W.) 1.660 1.355 0.990 35.0 1.48

13 (HTH-S.W.) 1.685 ~ 1.352 1.002 35.0 1.50

14 (TH/B-HRG) 1.666 1.333 1.010 32.5 1.23

A comparison of Set 12 with Set 13 in Table XIII shows,
that for HZO systems, the Schmidt cross sections produce a
value of nf which is 1.5% higher than that obtained using the
Leonard cross sections when normalized to the same n value at
2200 m/sec. This means that, if the Schmidt library is normal-
ized at N2200 = 2.079, it will produce the same value bf nf as
the Leonard-Westcott library. By comparing nf of Set 1 with
that of Set 13, it can be seen that the calculation of the
spectrum as done by RIBOT (TEMPEST model versus THERMOS/BATTELLE)
together with the possible difference in the tabulated libraries,

* The calculations with this model (THERMOS/BATTELLE—QRG'
Cross-Section Sets 14, 32, 41, 51) were done by Dimitri
Gournelos of General Electric Company (San Jose).
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almost compensate for the different normalization value at

2200 m/sec. The difference in the epithermal fissions and absorp-
tions produces differences in k_ of the order of 1% between the
RIBOT and the HTH models; part of the difference is due to the
""greyness' correction on Dancoff factor used in RIBOT. Finally,
the smaller value of 1 calculated by HRG compensates the lower
value of k_ in such a way that the four values of keff (Sets 1,
12, 13, and 14) do not vary a great deal.

Cases 5, 12, 13, and 14 in Table XI show that Set 1 (Standard
RIBOT) and Set 14 (THERMOS/BATTELLE-HRG) yield similar reactivity
and power distribution results. It is worthwhile to mention that
Set 1 required 1/2 hr of preparation and 1 sec of operating time
on UNIVAC 1108, while Set 14 required 1 working day and 5 min on
UNIVAC 1108. Cases 12 and 13 underestimate keff by 25 milli-k
and 13 milli-k, respectively, relative to Standard RIBOT (Case 5).
The power distribution calculations for these two cases are com-
parable with Standard RIBOT (Case 5) and THERMOS/BATTELLE-HRG
(Case 14).

The experimental results from Rod Location 12 in the basic
9 x 9 configuration were discarded in all comparisons because
the large theory-experiment discrepancies were inconsistent with
the good agreement of the neighboring rods. On the other hand,
the discrepancies found for Rod Location 2 were considered a
failure of all the calculational models. Rod Location 2 was
next to the reflector and the overestimate of the power by
4% (5-group) and 3% (4-group) was not surprising.

Inspection of the calculational results for the other UOZ-PuO2
single region experiments shown in Table XII reiterates the most
important conclusions drawn from the basic 9 x 9 comparisons
They are:

e Set 1 (Standard RIBOT) predicted the reactivity effects
well, with both 4- and 5-energy group calculations. The
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largest trend from the regular case was the voided 9 x 9
element where the reactivity differences were less than
3 milli-k for the 4-group model and about 5 milli-k for
the 5-group model.

e The peaking factor was well predicted by the 4-group
model and overpredicted by 2 to 3% by the 5-group model.
The only possible exception was basic 7 x 7 loading;
however, there were insufficient experimental points

inside the cluster to draw definite conclusions.

e Sets 12 and 13 underestimated k
respectively.

off by 26 and 14 milli-k

e Set 14 produces results which are similar to Standard
RIBOT.

e The power of the rod next to the reflector is generally
overestimated by 2 to 3%.

For the "water cross'" configuration, by normalizing the
calculated rod powers to the corner rod (Rod 2) as shown in
Table B-4, it is apparent that all the models underestimate the
rod power next to the water slabs. Additionally, consistent
with the general trend indicated by the aforementioned second
conclusion, the 4-group models better predicted the peaking
factor. Use of the 9 mesh point cell description did not reduce
this water slab discrepancy.

A new cross-section set (Set 11) was generated in order
to test the effect of the epithermal cross sections (Case 29).
This set was derived from Set 1 by decreasing the group-3
absorption, removal, and fission cross sections such that there
was a 10% increase in the ratio of the source of thermal neutrons
in HZO to the source of neutrons in the fuel. This reduction
tended to simulate a departure of the epithermal spectrum from
the 1/E law assumed in RIBOT. The only effect of the modifi-

cation was to increase the peaking factor by 1.4%; hence,

producing the same results as the Standard RIBOT 5G model.
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A completely new fact became apparent in the basic 9 x 9
element, when a 25% moderator void was introduced. The peaking
factor was underestimated by about 6% when the voids in the
calculations were uniformly distributed. When allowances were
made for the actual void distribution (called nonuniform), the
theory-experiemnt agreement became much better (for the details
on the density adjustment see Appendix G-1). Cases 33 and 34,
4G and 5G nonuniform density models, both predicted the power
distribution within the voided element much better than the 4G
uniform density Case 32. The reason for this trend is not due

to the spectral effect on O¢ of 259

Pu (see the cross-section
set in Appendix F), but to the variations of L as a function

of the void content.

In conclusion, when voids are present and only keff is of
concern, it is sufficient to conserve, on the average, the proper
material balance. If the power distribution is important, it
is necessary to allow for the actual void distribution at least
in the calculation of the diffusion length. Consequently, when
the void distribution in a power reactor is known to be non-
uniform, calculation of the local peaking factor requires the
coupling of neutronic and thermal hydraulic calculations in a
microscopic way; i.e., at the level of the single hydraulic
channel. As an alternate method, one could assume a uniform
void distribution which corresponds to the center of the cluster,
and not to the average cluster, in order to minimize the errors.

U0,-2.35% %35 SINGLE REGION EXPERIMENTS

2

In general, there are two basic differences between these
experiements and the UOZ-PuO2 experiments. First, the uo, rods
have a smaller diameter resulting in a higher moderator to fuel
ratio. As a consequence, removal of fuel from the interior of
the loadings caused a negative reactivity effect. This was not
always the case in the UOZ-PuO2 loadings. Secondly, the sym-

metry checks on the power measurements demonstrated that the
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UO2 rods were considerably more uniform in density than the
mixed oxide rods. For this reason, better agreement between

theory and experiment was expected for the UO2 configurations.

A 4-mesh cell description was used for all the single
region UO2 calculations, as was the case for the majority of
the U0,-2 wth PuO2 single region configurations.

Three main sets of cross sections were used in the cal-
culations:

e Set 3 (analogous to Set 1) was calculated with RIBOT.

e Set 31 (analogous to Set 12) was calculated with HTH.
In this case, as in the plutonium case, a black rod
was considered for the Dancoff correction; the ther-
mal D was aveféégd on the neutron currents; and the
cross sections were normalized to the Westcott 2200 m/sec
values. In addition, an epithefmal library was used in
which the 233
1/v and the fission resonance integral was 340 barns.

U fission cross section was described as

® Set 32 (analogous to Set 14) was calculated with THERMOS/
BATTELLE and HRG. The thermal diffusion coefficient was
calculated by averaging D over the currents and 235U

was treated as a resonance absorber.

The comparison is made in Table XIV of results obtained with
three cross-section libraries. The reason that the keff values
are not significantly different is primarily due to compensating
factors. In particular, the differences in nf are due to the
235y which is 2.45 in Set 3 and 2.43 in Sets 31

235U and 238U resonances

value of v for
and 32. Different treatment of the
in Sets 31 and 32 accounts for the decrease in the resonance
escape probability in such a way that the values of k., are 2.5%
lower than the value calculated using Set 3. The differences
in vt and L, however, tend to compensate the other differences

when keff is calculated.
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TABLE XIV. Comparison of the Cross Section Sets for the
~ U0,-2.35% 233U Models

k

5 eff 2
Set No. (Model) (nf), k (B“=0.00934) t,cm Lipcm
3 (Standard RIBOT) 1.493 1.333 0.997 36.4 1.66
31 (HTH) 1.476 1.300 0.992 32.1  1.99
32 (TH/B-HRG) 1.472 1.301 1.005 31.8 1.59

The results of the UO2 comparisons are summarized in Table XV.

Cases 35 to 38 show that keff is correctly predicted by RIBOT
and THERMOS/BATTELLE-HRG, and are underestimated by about 1 to
2% by HTH. The results of the remaining U0, cases summarized
in Table XV revealed that the models yielded trends similar to

those found in the UOZ-PuO2 calculations.

e The 4-group model predicts the power and peaking factors
better than the 5-group model.

® Fuel rods adjacent to the water gap in the water cross con-
figuration (excluding the corner rod) are underestimated
by 1 to 2%. As in the UOZ—PuO2 comparisons, no reason
could be found for this discrepancy.

e The HTH cross sections produced a 5.6% underestimate of
the power peaking in the 9 x 9 basic element (Case 47).
This underestimation is due to the value used for the
thermal diffusion length. Here, the calculations made
using a correct value for the thermal diffusion coefficient
gave the correct power distribution (Case 48).

e The calculation of the basic 9 x 9 voided element under
estimated the peaking factor by 8% when a uniform void
distribution was assumed. The 4-group model using the
nonuniform void distribution calculations produced better
reactivity and power distribution results than the 5-group
model. The 4-group model underestimated the peaking factor
by 2.5% while the 5-group model overestimated it by a
similar amount.
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A slight trend is noticeable in the reactivity calculations.
Since the removal of fuel rods from the interior of the uranium
configuration had a negative reactivity effect, the number of
fuel rods required for critical in the more heterogeneous con-
figuration was considerably greater than for the uniform core.
When a calculation was performed for a water slab in the regular
configuration, the effect of removing the fuel (making the water
slab) decreased the reactivity by about 16 milli-k. Based on
the discrepancies of the reactivity calculations seen in Cases 35
and 40, the relative discrepancy on the calculated 16 milli-k
"water slab" worth is about -1 milli-k.

Reactivity differences on the same order of magnitude can be
determined from relatively simple calculations; e.g., the RIBOT
4-group model underestimated the negative effect of the water
gaps by about 10%. Using the 6.5 cm radial reflector savings
calculated for a uniform configuration with 385 fuel rods (see
Case 35, Table XV) one obtains a value of keff = 1.051 for a
similar configuration with 441 fuel rods or an increase of
52 milli-k. This value is consistent with the worth of the
water gaps in the basic 9 x 9 configuration in Case 45 relative
to the regular loading. The calculated relative discrepancy
for these two cases is 4.4 milli-k; i.e., less than 10% of the
total effect.

MULTIREGION CONFIGURATIONS

These measurements were the last to be performed and there
was insufficient time to carry out calculations with all the
models as was done in the single region configurations. The
majority of the calculations were carried out on two-region
configurations (basic 9 x 9 plutonium in uranium and uranium
in plutonium, 11 x 11 plutonium in uranium); only a few calcula-
tions were made investigating configurations with greater than
two fuel zones; i.e., Composite Element 1. The results of the
multiregion calculations are shown in Tables XVI and XVII.
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Calculations of reactivity for the multiregion loadings were
found to agree with experiments as well as the single region
loadings (in the range of *5 milli-k). The only exception was
the basic 7 x 7 24% 240
the calculations gave an overestimate of keff of about 1%. This

Pu element shown in Table XVII where

overestimate is consistent with a slight trend previously noted
in the eigenvalue calculated by RIBOT. Comparison with approach-
to-critical data from the Critical Approach Facility (CAF) at
Battelle-Northwest revealed that keff is overestimated as a

240

function of increasing Pu content.®

The agreement in power distribution between theory and
experiments is not as good as in the single zone experiments,
irrespective of the theoretical model used. The standard
deviation of the discrepancies for the single region configura-
tion range from 0.6 to 2% (Tables XI, XII, and XV), where the
multiregion experiment standard deviations are generally

larger than 2%

It is not possible from the relatively few calculations
to draw definite conclusions for the cause of these increased
discrepancies. However, one can obtain some useful indications
by analyzing in detail those configurations in which only the
UOZ-Z wth Pu02(8% 240Pu) and U02-2.35%'235U fuels were present
(Cases 53 through 60, and 62 through 64 of Table XVI, and Cases 66
through 68 of Table XVII).

Since a source of error in these experiments was in the power
normalization between the different fuel types, it was instruc-
tive to analyze the behavior of the theory-experiment discrep-
ancies as a function of the power normalization of the plutonium
and uranium rods. The region-averaged and relative percent

235

discrepancies for U02—2.35% U and U0,-2 wt% Pu0, two-region

loadings are summarized in Table XVIII. It can be seen that the

* Paulo Loizzo, unpublished calculations.
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TABLE XVIII. Region-Averaged and Relative Discrepancies
from Theory-Experiment Comparisons for Multi-
region Configurations

Average Percent Average Percent Relative Percent
Discrepancy on Discrepancy on Discrepancy
Power from Power from [6(%) UOZ-PuO2 -

Case UO,-PuO., Rods U0, Rods 6(%) UO,]
- 2 2 2 2
53 (1) 0.32 + 1.51 -4.72 +0.54 5.04 *1.60
54 (1) 0.16 + 1.12 -3.55 +1.47 3.71 + 1.35
56 (1) 1.36 + 2.35 -3.97 + 1.58 5.33 = 2.34
57 (2) 3.40 * 1.40 0.21 + 0.56 3.19 + 1.52
58 (2) 3.93 * 1.44 0.26 + 0.61 3.54 = 1.37
62 (2) 7.31 + 1.59 1.06 + 1.02 6.25 £ 1.38
63 (2) 1.86 = 1.20 -1.27 + 1.38 3.13 + 1.86
64 (2) 4.89 * 1,32 1.28 + 0.91 3.62 £ 1.59
66 (2) 4.74 = 2.85 1.22 + 0.92 3.52 £ 2.99
67 (2) 1.52 = 2.08 -1.07 + 0.79 2.59 + 2.33
68 (2) 0.32 £ 2.16 0.72 £ 0.72 -0.40 = 2.28
Average relative percent discrepancy 3.67 + 0.56

1. The UO, rod powers were normalized to U0 ,-Puo, rod powers
using ¢he intercalibration factor.

2. The UO,-Pu0, rod powers were normalized to UO, rod powers
. % ! . , 2
using the intercalibration factor.
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power from the U02-2.35% 235
estimated relative to the U02—2 wt% Puo,
is the only one in which the power from the UO

U fuel is, on the average, under-
fuel by 3.67%. Case 68
,-2.35% 3%y

fuel is overestimated with respect to the UOZ-PuO2 fuel.

The behavior of the standard deviations of the rod power

discrepancies is shown in Table XIX for changes in the U02-2.35%
235U and U02—2 wth Pu0, power intercalibration factor. This
was prompted by the results of Table XVIII where the U02—2.35%

235y rod power was underestimated relative to the UO,-2 wt% Pu0
fuel. Standard deviations are shown in the last two columns

of Table XIX where the U02—2.35% 235
by 3.67 and 2.00%, respectively. It is evident from the adjust-

2

U rod powers were increased

ment of the standard deviation that some systematic effect must
2-2.35% 235U rod
power. The adjusted values are consistent with single region

be present which tends to underestimate the UO

comparison shown in Tables XI, XIII, and XV.

It was felt that the effect was not due to the models used
in the calculation but to an error either in the power normal-
ization measurements (intercalibration) or in the fissile con-
tent of the fuel rods.

A careful check of all calculations and experimental data
revealed that the source of the discrepancy was connected with

the RIBOT calculated cross sections for the UOZ—Z.SS% 235U fuel
regions. It was determined that in the early stages of the
program, all RIBOT calculations were done for a 235U enrich-

ment of 2.30% instead of 2.35% (Fuel Specifications in Appendix A
indicate 2.35 + 0.03%).

The low value used for the enrichment has no appreciable
consequence in terms of keff or power distribution in the single

region experiments. However, this 2.5% understatement of the

235U atoms results in a similar underestimate of

235

number of
the UOZ—Z.SS%
types in the multiregion loadings. This effect is not present

U rod power with respect to the other fuel

55



BNWL-1379

‘uoirgvanbi fuoo
oy3 fo suoirboa 770 aof sarouvdosaosip aemod pod [O UOLEDLAGD PADPUDLG = add T
89°T 9z°¢ €L°0 F 67V 91°Z # 62°0 8Z°1 89
87°T S¢°T 6L°0 ¥ 09°C 80°C ¥ 7IS°'T LT L9
6L°T 99°1 Z6°0 ¥ 06"V S8°C ¥ VL'V 0g°¢ 99
S¢°1 90°T 16°0 7 S6° V¥ 0€°T ; 06° ¥ £€1°¢ v9
vl £€e°1 8¢°T 7 0V°¢C €2°T 7 88°1 00°¢ €9
LYz 08°T 20°T * €L°Y 89°'T ¥ 0¢°L 9¢ ¢ 29
6S°T 0T°'T I9°0 + €6°¢ vP°1T 7 €6°¢ LS'1 89
€1 0T"T 09°0 ¥ 88°¢ ov'T ¥ 0F°¢ v6°1 LS
29°¢ SZ°¢ 6S°T + 0¢£°0- S€°Z7 ¥ 9¢°'1 0g-°¢ 99
9V "1 ¢TI Ly'T + 2170 ZT°'T # 9170 91°¢ 4]
06°T vl ¥S°0 * 90°T- IS'T # Z¢°0 69°¢ €S
D) D ATuQ spoy ATuQ spoy
ady B o ITAX pue sse)
o patsrpon 9% porTpow nge, 3scz-Con fond %M z-%on IAX SeTqs woxj
9" *Aouedsaostq ¢ ‘4Louedaadst(qg caQdy
Iomod poy 19M0d poy wﬁﬁu o
47 Aq pesesidug $.9°¢ 4Aq pssealdu] iemoq poy N 3$5¢-z-°on

I9M0d poy sgz

.Hmsmmozmmuzmumosmcm:mNmmm.mnmopcmmsummuouomm
UOT3RIQITEOISIUI ISMOd 9yl UT mwmzmso KAq paonpoiad jusueaaby
JuswrIxadxg-AI09y], UT SUOT3BRTIBA - SUOTFRIANDIIUOD UOTHBATITNW °XIX TTIVL

56



BNWL-1379

in THERMOS/BATTLLE-HRG calculations (Cases 56, 64, and 68) where

the proper enrichment was used.

The last columns of Tables XVI and XVII show the standard
deviations of the modified rods power discrepancy when allow-

235

ances were made for the 2.5% error in the U content.

It is interesting that such a small error, which can only
be measured with a careful isotopic analysis, can be detected

by a theory-experiment comparison.

A similar consideration holds true for the theory-experiment
comparison for Composite Element 1 with the U02—2 wth PuO2
driver. Here the situation is complicated by the fact that
three different types of fuel are present. It can be seen in
Table D-3 that the average loading discrepancy is degraded by
the 5 to 7% underestimate of the power from the U02—0.9 wt? Pqu
rods. It was felt that the previously observed nonhomogeneity
of these fuel rods accounted for the discrepancy either through
the power intercalibration correction or the actual gamma
scanning. The overall quality of the theory-experiment com-
parison is comparable to the other experiments when the

U02-0.9 wt$ PuO2
CONFIGURATIONS WITH POISON RODS

"rods are excluded.

Power distribution and critical measurements were made
for two basic 9 x 9 single region configurations containing the
Boral cruciform blade; i.e., 325 U02-2 wt% PuO2 fuel rods (Fig-
ure B-15) and 573 U02-2.35%235U fuel rods (Figure B-16). About
40 fuel rods were gamma scanned in each configuration. The
cruciform was off-center from the 9 x 9 element as shown in
Figures 2 and 5 because insufficient fuel rods of either type
were available to provide critical loadings with the blade in
the center of the loading. This nonsymmetrical condition was
the source of many troubles in the calculations.
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The usual theories adopted for calculations with a cruciform
blade in the core are generally extensions and reinterpretations
of the Milne problem; i.e., the poison is treated as a boundary
condition in a diffusion problem, where an appropriate extrapola-
tion distance is derived using transport theory.

When the net neutron current across the rod is zero; i.e.,
if the rod is placed in the center of symmetry of the reactor,
one can assume that on the boundary of the rod the following
relationship holds:

b grad_ ¢ = - C,
g n

where, D is the diffusion coefficient in the medium surrounding
the rod;

gradn is the normal component of the gradient;

C is the "absorbance" factor for the blade;

=D :
C=3 20

where, d is the extrapolation distance of the rod.
C = Co(l-P)/(1+P),
where, P is the transmission probability of a neutron across the

blade. When the rod is black, P = 0; thus C = CO
=1/(3 x 0.71) = 0.4695. ‘

In PRCF experiments this theory is not valid for two reasons:
e The net current across the rod is not zero;

e The rod has a nonzero scattering cross section.

In spite of these conditions, the theory was applied to the
PRCF experiments. The transmission probability and the '"absor-
bance'" C of the Boral blade were calculated (see Appendix G).

The results are:

C1 =0

C 0.013

2
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C 0.205

3

C 0.4695

4
These constants were used in the UO2 core. The calculations
were repeated putting C2 = 0.25 (Case 72), and C3 = 0.3 (Case 73).

The geometrical detail used in the blade calculations was
somewhat different from the clean core calculations, owing to
the fact that only 3025 mesh points were allowed in the version
of EXTERMINATOR 2 which was used.

Due to this limitation, a cell description of 4 meshes
was used in and around the water gaps, while 1 mesh was used
elsewhere. It is difficult to evaluate the effect of the less
detailed geometry; however, it was considered adequate since the
nonuniformities in the loading were sufficiently described. 1In
the water between the fuel and the poison rod, one or two
(Case 74) extra meshes were used.

Some results of the calculations are compared to experi-
mental results in Table XX. The detailed results are shown
in Appendix B (Tables B-15 and B-16).

From Table XX, one can see that the agreement in keff is
good, while the agreement in power distribution is bad. The
power from the fuel rod next to the cruciform (toward core cen-
ter) is overestimated by 30% and the power from the fuel rod
opposite to it is underestimated by about 25%. The use of an
artificially increased C3 (epithermally "blacker'" rod) produces
only a slight improvement of the agreement (Cases 72 and 73 of
Table XX).

This disagreement is attributed to a ''lack of communi-
cation" across the poison blade. It is not valid to describe
a cruciform as a boundary condition in the fast energy groups,

when the cruciform is not in a central position.
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The poison rod acts as a neutron transmitter (from the
central high flux regions to the core boundary), while the null
derivative condition produces a ''dam effect'. This effect acts

in two ways:

e Tt effectively reflects neutrons in the core, thereby

increasing the value of keff;

® It produces a source of epithermal and thermal neutrons
which is higher than the real one, causing the power
in the central regions of the core to be overestimated.

Increasing the value of C3, shown in Cases 72 and 73,
decreases the power around the cruciform in such a way that the
rod power discrepancy is decreased for Rod 17 but increased for
Rod 18.

In Case 74 of Table XX, the zero derivation condition on

the poison was removed for the first group and the cruciform was
treated as a diffusive region in the Group 1. One can see that
the removal of the boundary derivative for Group 1 decreases
keff and also improves the overall agreement between calculations
and experiments. This, of course, is not sufficient because
the '"dam effect" is still present in Groups 2 and 3. The only
UO,-Pu0, cruciform blade calculation was Case 75. It was made
using the same conditions as Case 74.

The results for the two cruciform configurations were com-
parable, even though it appeared that the overall quality of the

UOZ-PuO2 experiment was not equal to that of the UO2 experiment.
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APPENDIX A

REACTIVITY MEASUREMENTS
J. B. Edgar and L. D. Williams

The numbers of fuel rods and the critical moderator heights
for each of the investigated loadings are summarized in Table A-1I.
With exception of the loadings with the cruciform control blade
installed in the core, quarter core symmetry was maintained
to simplify calculations. The excess reactivity shown for each
loading in the same table is for a clean, fully reflected core.
The experimentially determined moderator worth curve seen in
Figure A-1 was valid for both the UOZ-PuO2 and UO2 loadings.
Diagrams of the single region loadings can be seen in Appendix B
and the multiregion loadings in Appendix D.

Since the presence of the followers on the reflector sheets
was observed to have an effect on the critical loading, their
reactivity worth was measured in different positions in the
regular and basic 9 x 9 single region configurations for both
U02—2.35%235U and the U02-2 wth Puo, fuel. From these results
the effects of followers for all other core configurations
were inferred. In the regular U02—2 wt$ PuO2 core with the
followers in the Position 4% - one lattice unit from the
fuel perimeter, the reactivity for the loading was increased
by 1.33 milli-k by the presence of the followers. In the uo,-
2.35% 235U basis 9 x 9 core, followers in Position 2 - adjacent
to the fuel perimeter - were found to increase the core reactivity
by 0.72 milli-k.

The uncertainty associated with each loading excess reac-
tivity cannot be rigorously defined because in most cases the
reflector sheet effect has been inferred from the four measure-
ments outlined above. For this reason, each clean reactivity
measurement, with exception of the loadings where the sheets

* Sheet Position 1 is the farthest from the core center

and Position 4 18 the closest.

A-1



BNWL-1379

were actually measured, has had its assigned confidence interval
increased by #0.1 milli-k over that of the excess reactivity mea-
sured with the sheets in place.

The control rod, described earlier in the text did not require
a reactivity adjustment because the fuel followers were exchanged
to match the fuel being used in the loading.

The specifications for each type of fuel used in these exper-
iments are listed in Figures A-2 through A-5.
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TABLE A-1.
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Experimental Single and Multiregion Load-

ing Summary.

Critical Inferred Excess
No. of Moderator Reactivity, Clean and

Single Region Loadings Elements Level, in. Fully Reflected, milli-k
U0,-2 wts Puo, (8 3 Z*0pu):
Regular 321 99.70 0.61 + 0.1
Water Hole 320 98.00 2.00 £ 0.1
Water Slab 302 94.45 6.75 « 0.4
Water Cross 284 95.31 5.43 + 0.4
Basic 7 x 7 249 96.50 3.77 + 0.2
Basic 9 x 9 257 94.27 7.82 £ 0.1
Basic 9 x 9 + Voids 289 100.40 0.14 + 0.2
Basic 9 x 9 + B4C Blade 325 98.04 2.24 £ 0.3
uo,-2.35% 2>u:
Regular 385 97.02 3.19 £ 0.2
Water Hole 384 97.51 2.54 £ 0.2
Water Slab 408 98.81 1.75 = 0.3
Water Cross 420 99.54 1.04 + 0.2
Basic 7 x 7 461 99.79 1.04 = 0.1
Basic 9 x 9 453 97.34 2.72 + 0.2
Basic 9 x 9 + Voids 477 97.22 2,95 £ 0.3
Basic 9 x 9 + B4C Blade 573 98.86 1.75 £ 0.3

Multiregion Loadings¥*

U0,-2 wt$ Puo, (8% 2*'Pu) Driver:
Basic 9 x 9, UO2 Element 301 95.38 6.76 £ 0.3
Basic 7 x 7, UO2 Element 301 94.43 7.73 £ 0.3
Basic 7 x 7 Pu(24) Element 289 94.88 5.11 + 0.3
11 x 11, UO2 Element 329 98.03 2.51 = 0.2
Basic 9 x 9, Composite
Element 1 269 97.53 2.82 + 0.2
Basic 9 x 9, Composite
Element 2 265 99.67 1.44 = 0.1
v0,-2.35% 23%y Driver:
Basic 9 x 9, Pu(8) Element 373 96.30 3.85 + 0.2
11 x 11, Pu(8) Element 373 96.92 3.27 £ 0.2
Basic 7 x 7, Pu(8) Element 389 98.06 2.17 + 0.2
Basic 9 x 9, Composite
Element 1 397 97.18 2.63 = 0.2
Basic 9 x 9, Composite
Element 2 405 97.63 2.21 + 0.2
+ 00, = V0,-2.55% %%y

Pu(8) = U0,-2 wth Pu0, (8% 24553)

Pu(24) = U02—2 wth PuOZ (24% Pu)

Composite 1 = UOZ—PuOZ element containing fuel rods with 0.9 wt%,

2 wth, and 4 wt? Puo, enrichments

Composite 2 =

Element containing Pu(8) and uo, fuel rods
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FUEL SPECIFICATIONS: U0, - 2.35% 235,
FUEL RODS
1. ROD DIMENSIONS
FUEL: 0.44" DIA CLAD: 0.500" OD X 0.030" WALL

l

0.500" DIA

!

«—2.0" »re 36.0" >

38.5"

FIGURE A-2

2. CLADDING: 6061 ALUMINUM TUBING SEAL WELDED WITH A LOWER END
PLUG OF 5052-H32 ALUMINUM AND A TOP PLUG OF 1100
ALUMINUM.

3. TOTAL WEIGHT OF LOADED FUEL RODS: 917 GM (AVERAGE).

FUEL LOADING

. FUEL MIXTURE VIBRATIONALLY COMPACTED. 235

. 825 GM OF UOo POWDER/ROD. 726 GM OF U/ROD, 17.1 GM OF U/ROD.
ENRICHMENT -"2.35 £ 0,03% 235y,

FUEL DENSITY - 9.20 GM/CM3 (84% THEORETICAL DENSITY)

B wro -
. (]



BNWL-1379

FUEL SPECIFICATIONS: UO2 - 0.9 WT% Pu02
FUEL RODS
1. ROD DIMENSION

FUEL: 0.505" DIA CLAD: 0.565" 0D X 0.030" WALL

U0, POWDER
-— 36.10" J <——0(0.175"
1y
0.325%4, 36.60" >
FIGURE A-3

2. CLADDING: ZIRCALOY-2 TUBING WITH PLUGS SEAL WELDED AT BOTH ENDS.
3. TOTAL WEIGHT OF LOADED FUEL RODS - 1316 GMS (AVERAGE).

FUEL LOADINGS

1. PuOp MIXED IN DEPLETED UOp AND VIBRATIONALLY COMPACTED.

2. 1107 GM OF UOp-Pu0, MIX/ROD.

3. CHEMICAL COMPOSITION WT %: Pu/Pul2 = 88.2 U/U0, = 88.0
Pu/MIX = 0.766

4. Pub2 IS 0.868 WT% OF TOTAL MIXTURE.

5. FUEL DENSITY - 9.38 GM/CC (v86% THEORETICAL DENSITY)

6. U0, POWDER AT THE END OF FUEL COLUMN.

7. 1SOTOPIC COMPOSITION. :
PLUTONIUM - ATOM % URANIUM - ATOM %
92.139 + 0.050 239py 0.005 + 0.001 23%y
7.241 + 0.055 240py 0.234 + 0.002 23%y
0.595 + 0.005 241py 0.006 + 0.0005 236y
0.025 + 0.001 2%2py 99.755 + 0.002 238y



FUEL SPECIFICATIONS:
FUEL RODS
1. ROD DIMENSIONS

FUEL: 0.505" DIA

U02 - 2 WT% Pu02

CLAD:

BNWL-1379

0.565" 0D X 0.030" WALL

-UO, POWDER

2

36.00"

0.325"7

36.60"

«— 0.275"

FIGURE A-4

2. CLADDING:

FUEL LOADINGS

1128 GMS OF UO2-PuOp MIX/ROD.
PuOp IS 2 WT% OF TOTAL MIXTURE.
PuOp - 22.56 GMS/ROD.

Pu - 19.85 GMS/ROD (AVERAGE).
NATURAL U.

oo~NOYOTPWN —
o o o

ZIRCALOY-2 TUBING WITH PLUGS SEAL WELDED AT BOTH ENDS.

3. TOTAL WEIGHT OF LOADED FUEL RODS: 1340 GMS (AVERAGE)

PuO2 MIXED IN NATURAL UO2 AND VIBRATIONALLY COMPACTED.

FUEL DENSITY - 9.54 GM/CC (~87% THEORETICAL DENSITY).
. UOo POWDER AT THE END OF FUEL COLUMN.
. THE ISOTOPIC DISTRIBUTION OF PLUTONIUM IN THE TWO TYPES OF RODS

REFERRED TO AS 8% AND 24% IS GIVEN BELOW:

1. 8% (NOMINAL) 2%0p
ATOM PERCENT

91.615 239py
240

7.654 240p,
0.701 241py

0.031 2%2py

249 (NOMINAL) 2%0p
ATOM PERCENT

239
240
241
242

71.762
23.503
4.08

0.656

Pu
Pu
Pu
Pu
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FUEL SPECIFICATIONS: U0, - 4 WT% PuO,
FUEL RODS
1. ROD DIMENSIONS

FUEL: 0.4975" DIA CLAD: 0.565" 0D X 0.337" WALL

0 565 A A A A :::: ::-... AT AN, U02 SOWDER
f L ‘[ s T
] 36.00" » [(0,275"
0.325”‘//
36.60" —>

FIGURE A-5

2. CLADDING: ZIRCALOY-2 TUBING WITH PLUGS SEAL WELDED AT BOTH ENDS.
3. TOTAL WEIGHT OF LOADED FUEL RODS - 1327 GMS (AVERAGE).

FUEL LOADINGS

PuOp MIXED IN NATURAL UO2 AND VIBRATIONALLY COMPACTED.
1084.5 GM OF MIX/ROD.

. CHEMICAL COMPOSITION WT %: Pu/Pul0p = 88.1 U/U02 = 88.0
Pu/MIX = 3.506.

PuO IS 3.98 WT% OF TOTAL MIXTURE.

FUEL DENSITY = 9,46 GM/CC (~86% THEORETICAL DENSITY).

. UOp POWDER AT THE END OF EACH FUEL COLUMN.

ISOTOPIC COMPOSITION

w N -~
. L]

~NOY OB
. *

PLUTONIUM - ATOM%

0.28 238p,
75.38 239py
18.10 240py

5.08 241py

1.15 242py
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APPENDIX B
SINGLE REGION POWER DISTRIBUTION MEASUREMENTS AND CALCULATIONS

P. Loizzo, R. Martinelli and L. D. Williams

In this section, experimental and theoretical power dis-
tributions are presented for eight single region configurations
investigated with the U0,-2.35% “>°U and U0,-2 wt$ Puo, (8% “4Cpu

fuel rods. The techniques employed for the experimental mea-

)

surements were discussed earlier in the text. Since these
loadings contained only one type of fuel, the relative gamma
distribution across the various loadings directly reflected

the power profiles of the cores. 1In all cases, the gamma acti-
vity measurements were for gammas with energies greater than
0.5 MeV.

Where possible, at least three symmetrical fuel rods were
measured for each point of interest. The experimental uncer-
tainty for a given location has been defined as one half the
the maximum dispersion of the data from symmetric rods. These
uncertainties for locations where symmetry was checked provided
a method to determine the relative accuracy of the experimental
measurements. The relative accuracy of the experiment (RAE)
has been defined as the average of the experimental uncertainties
from all locations in a given loading:

X - X

N ;

max min
22 Xave i
i=1

where N = number of locations for the loadings where symmetric

RAE =

Zl=

rods were measured

X - X .
m;x min = relative (%) uncertainty of a
ave i symmetry measurement.
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The loading maps and experimental power distributions for
the single region loadings are included in this section. The
power distribution results on the loading maps do not include
the individual rod power but the average of symmetric rods. The
individual rod results can be seen in the tables where experi-
mental and calculational results are compared. The numbers in
the fuel position on the loading maps are index numbers used
during the calculations and are used as reference numbers for
the experimental-theoretical correlation; they have no other sign-
ificance. The blackened circles in the lattice positions on
the loading maps denote the absence of fuel rods and the presence
of water.

The tables following each loading map include the individual
rod power results and theoretical rod power results from calcu-
lational models described in the text. An asterisk shows the
normalization point between theory and experiment. Each experi-
mental observation, instead of the average value from symmetrical
points, was compared to calculations. This practice placed more
importance on the locations where symmetry checks were made. 1In
most measurements, a few of the experimental points had to be
discarded because they were out of the range of experimental
error (set at 2%) when compared to symmetrical rods. These
values are enclosed in parentheses ( ). A few points were also
discarded because their theory-experiment discrepancies were
significantly different from these of the adjacent rods and the
rods were not in unusual spots where a large difference would be
expected (i.e., water gaps, poison or any other discontinuities
in the lattice.) These values are enclosed by brackets [ ].
Typically, out of 25 to 35 experimentally measured rods, two or
three were discarded for the first reason and one or two for the
latter. The discards are believed to be primarily due to non-
homogeneities of the fuel material in the fuel rods.

Rod power calculations, employing theoretical models described
in the text, are compared to experimental measurements in Tables B-1
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through B-16 for single region loadings. Tables B-15 and 16

are for U0,-2 wt$ Pu0, and U0,-2.355 235

with the Boral cruciform blade in place.

U loadings, respectively,

The calculational models are compared against each other
for particular loadings by examination of the discrepancy from
experimental values. If Gi* is the relative discrepancy between
theory and experiment for the ith position, the average discre-
pancy and standard deviation for a loading or a group of fuel
rods is defined as:

. 6.
11 /=
N £, (3 - ai)z/(N - 1)

T =

where N equals the number of rod measurements. The ''goodness

of fit" of rod powers calculated from a model is also compared
for rods with dissimilar environments within the loading. This
comparison provides a measure of how well a model describes
critical areas such as voids, water gaps, etc., with respect

to regions less severe from the calculational standpoint. These

comparisons are seen in the tables as '"Group Average ¢'".

There are two other theory-experiment discrepancies examined
for the various loadings; both provide a measure of how well
the maximum rod power is calculated. One describes the error of
the maximum rod power compared to the average error for the
loading while the other relates the error on the rod of maximum
power to the average power error on the simulated fuel element
(9 x9, 7 x 7). These errors are designated as G(Pmax/Pave)
and 8F, respectively. The definition of these errors and their

standard deviation is:

1+
_ max _
G(PmaX/Pave) or SF = T+3 1 i/GZ6 + G
max
P, - D
* Gi = (——é;?;—la » where Pp is the experimental rod power and
E P, is the calculated rod power normalized

to the experimental values as explained in
the text.

B-3
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where 6max = discrepancy on maximum power rod, 8§ = average dis-

crepancy in entire loading for & (P /P ) and average discre-

max’ “ave
pancy in the simulated element for 8F. In spite of the lack

of mathematical rigorousness, the definitions of '"errors" and
""standard deviations' given above, can be regarded as appropriate
indexes of precision, from the point of view of the core designer.
An arbitrary criterion was adopted for the normalization of the
calculated power distribution, since the choice of different
reference rods did not significantly affect the value of the

"standard deviation of the fit'".

The case numbers listed in the following tables for each
calculational model are related to corresponding numbers used in
Tables XI, XII, and XV and in the text.

B-4



BNWL-1379

Ol0]0 0]0]0]0/0]e

0]0]0]0[0]0]0]0]/0]0]0]0]0]0]e)
0]0]0]0][0]0/6]0](0]0]0/0]0]0]0 0@,
0]0]0]0]0](0/0]0]0/0]0]0]0]0]0]00.
0l0]0/0[0]0/0]0]0]0]0/0]0]0]00e.
0]0]0]0](0]0/0/0](0]0]0]0(0]0]00]0]0]e)
0]0]0]0]0]0]0]0]0]0]0]00]0 00010
0]0]0]0]0]0]0/0]00/0]0/0]00]0]0]e]e
0]0]0]0,0]0]0,0/0]0]/0]0 0000000
000000000 PEPEEOOE®®W
0100010010 0[0]0]0]00]0]0]0]0]0],
0]0]0]0]0]0]00]00[0]0]0]0]00]0]0]0.
0]0]0]0 0010001001000 0000,

0]0]0)0]0/0]0,0/0]0]0]0]0]0]0]0]0]0]e,
0000000000000 OO0OO
0]0]0]0]0]0]0]0]0/0]0]0)0[0]00]e)
O000O0OO0OOOOOOOO0OO
0]0]0]0]0]0]0]0]0]010]00]0]e)
OO000O0O000O

REGULAR, U02—2 WT?2 PuO2 (8% 24OPu)

Experimental Power Distribution:

Position No. Relative Power

1.000
.987
.983
.926
. 886
.825
.753
.688
.671
.860

HOoOwWVWLO~NOULEWN

—

Relative Accuracy of Exveriment = 0.62%

FIGURE B-1

B-5



BNWL-1379

poa aod saysew (7 x g)p puv sdnoab fbasus-p suPU Hp - HF ¥«

s71v032p J0f 3X23 228

s71v329p Jdof X273 228

q%ﬂooﬁmmalﬂuwsﬁum.m
33003289/ -pavuoa] ‘I

£86°0 SL6°0 5£00°T 9000° T 339y
5(ST°T 7 6¥°0-) 5(ST°T 7 6V°0-) 5$(90°T 7 ¥s°0-) sjutod g1 ‘¢ o3eioay
Sutpeo]
S 1- S'T- S°0- 1980 z
Z°1- 6¥8°0 AR 6¥8°0 £°0- LS80 658° 0 T 11
[z7s-1 [2-s-1 [v:s-1 L99°0 Z
[8°¥-1 Zvo'o  [8°v-1 zv9 o [s v-1 v¥9°0 SL9°0 1 01
5°0 S°0 8°0 £99°0 <
(9°5-) (9°s-) (¢°5-) (o127 0) Z
S 2Z- TL9°0 S z- 1,970 777 €L9°0 889°0 1 6
v°0- vro- €' 0- LYL" 0 z
0°2z- YL 0 0°2- vvLT0 6°1- SYL°0 6SL°0 1 8
8°0- 8T18°0 8°0- 8180 8°0- 818°0 $78°0 L
£ 0- £70- £°0- ¥88°0 <
0°2z- 0°2z- 0°2Z- 006°0 z
6°0 788°0 6°0 788°0 6°0 788°0 v.8°0 1 9
€70 €70 €0 0€6°0 z
1°1 £$6°0 T°1 £€6°0 T°1 £6°0 22670 1 S
0°1- 0°1- 0°1- 086°0 4
9°1- 0L6°0 9°1- 0L6°0 9°1- 0L6°0 986° 0 T b
L*0 L"0 L0 S86°0 <
6°0 6°0 6°0 $86°0 z
0 766°0 0 7660 0 766°0 766°0 1 <
0 0°Tx 0 0°Tx 0 0" T« 000°T 1 Z
PEEE) I19MOd PEE) REYCE 5 ‘o I9MOJ s1Tun AIBIITQIY S3uToqd UoT3Eed07]
¢TI ‘ON 39S Z1 "ON 39S T "ON 19S ‘1omog pPoy A13 swwig poy
Wy - 9% Wy - 9 sxWb - OF TejusuTIadxy
(z) M'S “HLH ﬁﬂw.s”q ‘HLH 10€1¥ ‘3S
6T °ON ©ose) I °"ON 9se) LT °ON ©os®e)
(ndoypg %8) N0ﬂm w93|NOD Ternbay ‘suosTtaeduwo)d ]
T1q 19Mmod TeuorirernoTed-Tejuswriadxy T-€ FTEVL

uoT3INqLIIS

B-6



BNWL-1379

OO00O0B®OOOO
0/0]0]0]0]0]0[C]0]0]0]0]0]0e;
0]0/0]0]0)0]0[0/C]0]0]0]0]0]00]e,
0/0]0]0]0]0/0[0/0]0]0/0]0]0]0]0]e)
0]0]0]0]0]0/0]0C]0]/0]0[00]0/0]e)
0]0/0]0]0]0]0]0]0C]0]0/0]0]0]0]0]0@)
OO000OO00OO0O®OO®OOOOOO
0]0]0]0]010]0]0]0]0leC]0]0]0]0]00]0,
0]0/0]0]0/0]0]0]0C1C]0]0]0]0]0 0100
0,0/0]0]0/0]0/0]0] 100100000 0],
0]0/0]0]0]0]0/0]0]0]00]0]0/0]0]0]0]0;
0,0]0]0]010]0]0[0]0[0]0]0]0]0]0]00)0;
0]0/0]0]0]0]0]0]0]0]0]0]0]00]0]0[0)0;
0]0/0]0]0]0]0]0]/0]0]0]0]0]0]0]0]00]0;
0/0]0]0]0]0]0]0]0]0]0]0]00e]0]e)
0]0]0/0]0/0]0]0]0]0]0]0]0/0]0]ee)
0/0]0]0]0]0]0]0]0]0[00]0/0]0]0]0.
0]0]0]0]0]0]0]0]0]0]0]0]0]0]e,
OOO0OOO00OO

WATER HOLE, U02—2 WT3 PuO2 (8% 240Pu)
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Experimental Power Distribution:

Relative Power
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TABLE B-2. Experimental-Calculational Power Distributigzo
Comparisons, Water Hole, U02—2 wt% Puo, (8% Pu)

Case No. 22 Case No. 23
St. RIBOT St. RIBOT
Experimental 4G - 4M 5G - 4M
Rod Symmetry Rod Power, Set No. 1 Set No. 1
Location Points Arbitrary Units Power s, % Power 5, %
2 1 1,206 *¥1.207 0.1 *¥1.207 0.1
2 (1.177) (2.5) (2.5)
3 1.208 -0.1 -0.1
3 1 1.020 1.024 0.4 1.017 -0.3
2 1.017 0.7 0
3 1.017 0.7 0
4 1 0.959 0.958 -0.1 0.951 -0.8
2 0.954 0.4 -0.3
3 (0.942) (1.7) (1.0)
5 0.923 0.901 [-2.4] 0.894 [-3.2]
6 0.832 0.834 0.3 0.828 -0.5
7 0.732 0.759 3.7 0.752 2.7
8 0.678 0.685 0.9 0.677 -0.2
9 0,658 0.656 -0.3 0.645 -2.0
10 0.856 0.872 1.9 0.867 1.3
11 1 1.073 1.096 2.1 1.091 1.7
2 (1.117) (-1.9) (-2.3)
3 1.064 3.0 2.5
4 (1.051) (4.4) (3.8)
12 1 0.966 0.967 0.1 0.960 -0.6
2 (0.998) (-3.1) (-3.6)
3 0.952 1.6 0.9
13 1 (0.886) 0.887 (0.1) 0.880 (-0.7)
2 0.861 3. 2.2
3 0.861 3.0 2.2
Loading - -
Average §, 18 points (1.19 = 1.29)% (0.49 = l.ég)%
$ (Prax/Pave) (1.2 £ 1.3)3 (0.5 + 1.3)%
Kegs 1.0020 1.0048 1.0031
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TABLE B-3. Experimental Calculational Power Distribution Com-
parisons, Water Slab,U02—2 wt® PuO2 (8% 240Pu)

Case No. 24 Case No. 25
St. RIBOT St. RIBOT
Experimental 4G - 4M 56 - 4M
Rod Symmetry Rod Power, Set No. 1 Set No. 1
Location Points Arbitrary Units Power 5, % Power §, %
2 1 1.102 1.127 2.2 1.127 2.2
2 1.118 0.8 0.8
3 1 (1.13) 1.118 (-1.1) 1.118 (-1.1)
2 1.104 1.2 1.2
3 1.090 2.5 2.5
4 1.098 1.8 1.8
4 1 1.089 1.092 0.3 1.092 0.3
2 1.091 0.1 0.1
3 1.097 -0.5 -0.5
4 1.091 0.1 0.1
5 1 1.040 1.050 0.9 1.049 0.9
2 1.041 0.8 0.8
3 1.034 1.5 1.5
4 1.024 2.5 2.5
6 1 0.979 0.992 1.3 0.991 1.2
2 1.003 -1.1 -1.2
3 0.975 1.7 1.6
4 1.003 -1.1 -1.2
Group Average 6§, 17 points (0.88 = 1.13)% (0.86 + 1.14)%
12 1 0.794 0.797 0.3 0.785 -1.1
2 0.782 1.8 0.4
13 1 0.692 0.701 1.3 0.691 -0.2
2 0.688 1.9 0.4
14 1 0.646 0.648 0.3 0.639 -1.1
2 0.646 0.3 -1.1
15 0.603 0.598 -0.8 0.589 -2.3
16 0.533 0.543 1.9 0.535 0.3
17 0.490 0.490 0 0.481 -1.9
18 0.465 0.469 0.8 0.457 -1.6
19 0.606 0.623 2.7 0.614 1.4
Group Average §, 11 points (0.95 = 1.05)%“ (-0.62 £ 1.15)%
Loading
Average §, 28 points (0.91 = 1.08)% (0.28 + 1.35)%
6(PmaX/Pave) (0.6 + 1.3)% (1.2 £ 1.5)%
Keff 1.0068 1.0095 1.0088

B-10
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TABLE B-4.

BNWL-1379

Experimental-Calculational Power Comparisons,

Water Cross, UO,-2 wt% PuO, (8% Opy)
Case No. 26 Case No. 27 Case No. 28 Case No. 29
St. RIBOT St. RIBOT St. RIBOT Mod. RIBOT
Experimental 4G - 4M 5G - 4M 4G - 9M 4G - 9M
Rod Symme try Rod Power, Set No. 1 Set No. 1 Set No. 1 Set No. 11
Location Points Arbitrary Units Power 5, % Power 5§, 3 Power 5, 5 Power 5, %
2 1 1.398 *¥1.396 -0.1 *1.396 -0.1 *1.396 -0.1 *1.396 -0.1
2 1.389 0.5 0.5 0.5 0.5
3 1.406 -0.7 -0.7 -0.7 -0.7
4 1.391 0.4 0.4 0.4 0.4
3 1 1.089 1.069 -1.8 1.060 -2.7 1.067 -2.0 1.059 -2.8
2 1.083 -1.3 -2.1 -1.5 -2.2
3 1.097 -2.6 -3.4 -2.8 -3.5
4 1.075 -0.6 -1.4 -0.8 -1.5
5 1 0.894 0.893 [-0.1] 0.887 [-0.8] 0.893 [-0.1] 0.886 [-0.9]
2 0.892 [0.1] [-0.6] [0.1] [-0.7]
3 0.925 -3.5 -4.1 -3.5 -4.2
6 1 0.845 0.825 -2.4 0.819 -3.1 0.825 -2.4 0.819 -3.1
2 0.851 -3.1 -3.8 -3.1 -3.8
3 (0.829) (-0.5) (-1.2) (-0.5) (-1.2)
8 1 0.687 0.674 -1.9 0.666 -3.1 0.673 -2.0 0.667 -2.9
2 (0.700) (-3.7) (-4.9) (-3.8) (-4.7)
3 0.680 -0.9 -2.1 -1.0 -1.9
10 1 0.729 0.744 2.1 0.734 0.7 0.738 1.2 0.735 0.8
2 (0.738) 0.8) (-0.5) (0 (-0.4)
3 0.718 3.6 2.2 2.8 2.3
Group Average &, 15 points (-0.82 + 1.93)% (-1.52 + 1.92)% (-1 £ 1.74)% (-1.51 + 1.95)%
11 1 0.769 0.770 0.1 0.753 -2.1 0.767 -0.3 0.750 -2.5
2 0.775 -0.6 -2.8 -1.0 -3.2
3 0.771 -0.1 -2.4 -0.5 -2.8
4 0.770 0 -2.2 -0.4 -2.6
12 1 0.601 0.601 0 0.587 -2.4 0.599 -0.3 0.584 -2.8
2 0.605 -0.7 -3.0 -1.0 -3.4
13 1 0.515 0.514 -0.2 0.503 -2.3 0.513 -0.4 0.500 -2.9
2 0.513 0.2 -1.9 0 -2.5
3 0.519 -1.0 -3.1 -1.2 -3.7
14 1 0.436 0.435 -0.2 0.426 -2.3 0.436 0 0.424 -2.8
2 0.442 -1.6 -3.7 -1.4 -4.2
3 0.438 -0.7 -2.7 -0.5 -3.1
Group Average &, 12 points (-0.4 £ 0.53)% (-2.57 + 0.51)% (-0.58 = 0.46)% (-3.04 + 0.51)%
Loading T
Average 6, 27 points (-0.63 + 1.48)%  (-1.99 + 1.54)%  (-0.81 + 1.33)%  (-2.19 + 1.66)3%
§ (P ax/Pave) 0.6 + 1.6)% (2.0 = 1.6)% (0.8 + 1.4)% (2.2 + 1.7)%
1.0054 1.0104 1.0109 1.0092 1.0069

Kege

1. Comstants for group 3 (Xa, I vzf) were decreased by 10%
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TABLE B-5. Experimental-Calculational Power Distribution0
Comparisons, Basic 7 x 7, UO2 wtd PuO2 (8% 24 Pu)

. Case No. 30 Case No. 31
St. RIBOT St. RIBOT
Experimental 4G - 4M 5G - 4M
Rod Symmetry Rod Power, Set No. 1 Set No. 1
Location Points Arbitrary Units Power S, % Power 8§, %
3 1 (1.306) %1.340 (2.6)  *1.340 (2.6)
2 1.336 0.3 0.3
3 1.333 0.4 0.4
4 1.349 -0.7 -0.7
4 1 (1.103) 1.094  (-0.8) 1.087 (-1.4)
2 (1.064) (2.8) (2.1)
3 (1.062) (3.0) (2.4)
4 1.085 0.8 0.2
5 1.089 0.4 -0.2
6 1.081 1.2 0.5
7 1.089 0.4 -0.2
8 1.087 0.6 0
6 1.030 1.049 1.8 1.044 1.3
Group Average &, 9 points (0.58 + 0.68)% (0.18 = 0.56)%
7 0.823 0.842 2.2 0.826 0.3
9 0.773 0.794 2.8 0.780 1.0
10 0.748 0.755 0.9 0.742 -0.8
11 0.736 0.750 1.9 0.738 0.3
12 0.742 0.745 0.4 0.743 -1.1
Group Average &, 5 points (1.64 + 0.98)% (-0.06 =+ 0.87)%
2 0.595 0.620 4.3 0.612 2.8
13 0.945 0.947 0.2 0.946 .1
14 0.620 0.620 0 0.609 -1.9
15 0.482 0.507 5.2 0.496 .9
16 0.456 0.472 3.6 0.460 0.9
17 1.056 1.071 1.4 1.075 0.4
18 0.508 0.518 2.0 0.504 -0.7
19 0.421 0.439 4,2 0.425 .8
Loading
Average §, 22 points (1.56 £ 1.58)% (0.30 + 1.11)%
6(Pmm(/Pmn:) (-1.5 = 1.7)% (-0.3 £ 1.3)%
SF (-1.6 + 1.2)% (0 + 1.1)%
KPFF 1.0038 1.0080 1.0086
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Relative Accuracy of Experiment = 1.,30%



TABLE B-7.
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Experimental-Zalculational Power Distribution
with Voids, UO2—2 wtg

Comparlsons - Basic 9x9,

Puo,, (8% 240pu)
R%%é% N8ﬁ12%1) RIngseNgg’Un1f(z) RIBg%SeNEg:Ugif(Z)
. Experimental 46" - 4M 46 - aM 56 - aM
Rod Symme try Rod Power, Set No. 16 Sets No. 17-19 Sets No. 17-19
Location Points Arbitrary Units  Power s, 5 _Power 5, % _Power _ 5, %
. 3 1 2.181 %2,182 0.1 %2,182 0.1 %2.,182 0.1
2 2.219 -1.7 -1.7 -1.7
3 2.157 1.2 1.2 1.2
. 4 2.172 0.5 0.5 0.5
4 1 1.818 1.758 -3.3 1.741 -4.2 1.729 -4.,9
2 1.799 -2.3 -3.2 -3.9
3 1.782 -1.4 -2.3 -3.0
4 1.757 0.1 -0.9 -1.6
5 1.786 -1.6 -2.5 -3.2
6 1.795 -2.1 -3.0 -3.7
7 (1.736) (1.3) (-0.3) (-0.4)
5 1.674 1.680 0.3 1.658 -0.9 1.650 -1.4
6 1.631 1.678 2.9 1.655 1.5 1.649 1.1
7 1.646 1.682 2.2 1.659 0.8 1.653 0.4
Group Average &, 13 points (-0.39 + 1.85)% (-1.12 + 1.85)% (-1.54 + 2.07)%
8 1.277 1.324 3.7 1.273 -0.3 1.243 -2.6
11 1.170 1.229 5.0 1.160 -0.8 1.136 -2.9
12 1.084 1.144 5.6 1.066 -1.6 1.042 -3.8
14 1.035 1.133 9.5 1.047 1.1 1.000 -3.3
15 1.031 1.120 8.6 1.028 -0.3 1.008 -2.3
16 0.990 1.120 [13.2] 1.026 [3.6] 1.006 [1.7]
17 1.000 1.120 [12.01 1.023 [z 3] 1.005 [0.5]
Group Average &, 5 points (6.48 + 2.47)% (-0.38 + 0.98)% (-2.98 + 0.59)%
21 1.893 1.819  -3.9 1.776 6.2 1.779 6.0
22 0.881 0.865 -1.8 0.844 -4.2 0.821 -6.%
. 23 1.674 1.658 -0.9 1.621 -3.2 1.616 -3.5
24 1.121 1.104 -1.5 1.077 -3.9 1.053 -6.1
25 0.968 0.976 0.8 0.951 -1.7 0.925 -4.4
. 2 1.244 1.284 3.3 1.253 0.7 1.235 -0.7
Loading
Average §, 24 points (0.97 = 3.54)% (-1.46 + 204)%  (-2.61 + 2.26)%
8(P /P, ) (-1 = 3.9)% (1.5 + 2.4)% (2.6 + 2.6)%
SF (-6.5 + 2.9)% (0.4 + 1.8) (3¢ 1.6)%
’ Kers 1.0001 1.0073 1.0055 1.0061
1. The water density uniformly decreased by the total void volume.
. 2.

N_18R

The water density adjusted non-uniformly similar to actual case (See Appendix G)
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Experimental Power Distribution:

FIGURE B-8
B-19

Relative Accuracy of Experiment = 0.53%
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TABLE B-8. Experimental-Calculational Power Distribution Comparisons, Regular,
— U0,-2.35% 235y

Case No. 35 Case No. 36 Case No. 37 Case No. 38
St. RIBOT St. RIBOT HTH THERMOS - HRG
Experimental 4G - 4M 5G - 4M 4G - 4M 4G - AM
Rod Symmetry Rod Power, Set No. 3 Set No. 3 Set No. 31 Set No. 32
Location Points Arbitrary Units Power 5, % Power 5, % Power 5, % Power 5, %
2 0.912 0.909 -0.4 0.909 -0.4 0.909 -0.4 0.909 -0.4
3 1 0.899 0.902 0.4 0.902 0.4 0.902 0.4 0.903 0.4
2 0.914 -1.3 -1.3 -1.3 -1.2
3 0.904 -0.2 -0.2 -0.2 -0.1
4 1 0.883 *0.884 -0.1 *0,884 -0.1 *0,884 -0.1 *0.884 -0.1
2 0.884 0 0 0 0
3 0.885 0.1 0.1 0.1 0.1
5 1 0.851 0.853 0.3 0.853 0.3 0.854 0.3 0.853 0.3
2 0.856 -0.3 -0.3 -0.3 -0.3
3 (0.828) (3.0) (3.0) (3.1) (3.0)
6 1 0.805 0.811 0.8 0.811 0.8 0.812 0.9 0.811 0.8
2 0.799 1.5 1.5 1.7 1.5
3 0.808 0.4 0.4 0.5 0.4
7 1 0.750 0.759 1.1 0.758 1.1 0.760 1.4 0.757 1.0
2 (0.768) (-1.2) (-1.2) (-1.0) -1.4
3 0.755 0.5 0.5 0.7 0.3
8 1 0.692 0.697 0.7 0.696 0.6 0.700 1.1 0.695 0.4
2 0.697 0 -0.1 0.4 -0.3
3 0.689 1.2 1.0 1.6 -0.5
9 1 0.634 0.630 -0.7 0.628 -1.0 0.634 0 0.626 -1.3
2 0.632 -0.3 -0.6 0.3 ~1.0
10 1 0.560 0.565 0.8 0.561 0.2 0.571 2.0 0.557 -0.5
2 0.556 1.6 0.9 2.7 0.2
3 0.560 0.9 0.2 2.0 -0.5
11 1 0.527 0.524 -0.5 0.519 -1.4 0.530 0.6 0.510 ~3.2
2 0.520 0.7 -0.2 2.0 -1.9
3 0.526 -0.4 -1.3 0.8 -3.0
12 1 0.563 0.573 1.7 0.582 3.5 0.561 -0.4 0.55 -2.3
2 0.570 0.5 2.2 -1.6 -3.5
3 0.569 0.6 2.3 -1.5 -3.3
Loading
Average &, 28 points (0.34 = 0.73)% (0.32 = 1.11)% (0.45 = 1.12)% (-0.69 = 1.36)%
8P ax/Pave) (-0.7 + 0.7)% (-0.7 + 1.1)% (-0.8 £ 1.1)% (0.3 + 1.4)%
1.0032 0.9999 0.9990 0.9853 0.9956

Keer

6L¢T-TMNT
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Relative Accuracy of Experiment = 0.58%
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TABLE B-9. Experimental-Calculation Power Distg%?ution
Comparisons, Water Hole, U02—2.35% u

Case No. 39
St. RIBOT
Experimental 4G - IM
Rod Symme try Rod Power, Set No. 3
Location Points Arbitrary Units Power S, %
2 1 (0.899) 0.875 (-2.7)
2 0.873 0.2
3 0.874 -0.5
4 0.880 -0.6
3 1 0.793 *0.792 (-0.2)
2 0.786 0.7
3 0.796 -0.5
4 1 0.746 0.749 -0.7
2 0.749 -0.6
3 0.750 0.5
5 1 0.714 0.709 -0.7
2 0.714 -0.6
3 0.706 0.5
6 1 0.668 0.663 -0.9
2 0.658 0.7
3 0.663 0
7 0.608 0.609 0.1
8 0.552 0.550 -0.2
9 0.490 0.494 0.7
10 0.466 0.458 -1.6
11 0.501 0.501 0
12 1 0.820 0.829 1.1
2 0.817 1.4
3 0.827 0.2
4 0.828 0
13 1 0.753 0.756 0.4
2 0.761 -0.
3 0.756 0
14 1 0.703 0.699 -0.6
2 0.697 0.4
3 0.699 0
15 1 0.634 0.630 -0.7
2 0.627 0.4
3 0.624 0.9
16 1 0.547 0.548 0.2
2 0.557 -1.6
Loading
Average &, 35 points (-0.03 + 0.68)%
G(Pmax/Pave) (-0.3 =+ 0.8)%

B-22
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WATER SLAB, UO,-2.35% 235y

Experimental Power Distribution:
Position No.
Relative Accuracy of Exmeriment = 0.37%
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TABLE B-10. Experimental-Calculation Power Distribution
Comparisons, Water Slab, UO.,-2.35% 235y

2
Case No. 40 Case No. 41
St. RIBOT St. RIBOT
Experimental 4G - 4M 56 - 4M
Rod Symmetry Rod Power, Set No. 3 Set No. 3
Location Points Arbitrary Units Power S, % Power 5, %
2 1 0.944 0.949 0.5 *¥0.949 0.5
2 0.953 -0.5 -0.5
3 1 0.945 0.942 -0.3 0.942 -0.3
2 0.938 0.4 0.4
3 0.942 0 0
4 0.939 0.3 0.3
4 1 0.931 0.924 -0.7 0.924 -0.7
2 0.929 -0.5 -0.5
5 1 (0.879) 0.894 (1.7) 0.894 (1.7)
2 0.899 -0.6 -0.6
3 0.903 -1.0 -1.0
4 0.906 -1.3 -1.3
7 1 (0.783) 0.800 (2.1) 0.799 (2.0)
2 0.816 -2.0 -2.1
3 0.810 -1.2 -1.3
4 0.811 -1.5 -1.6
9 1 0.666 0.669 0.5 0.666 0.1
2 0.659 1.4 1.1
11 1 0.547 0.549 0.3 0.545 -0.5
2 0.550 -0.3 -1.1
12 1 0.561 0.567 1.1 0.572 1.9
2 0.568 -0.1 0.7
Group
Average §, 20 points (-0.27 + 0.87)% (-0.32 + 0.97)%
13 0.771 0.772 0.1 0.753 -2.3
15 0.656 0.659 0.4 0.642 -2.0
17 0.570 0.573 0.6 0.559 -1.9
19 0.487 0.474 [-2.6] 0.459 [-5.4]
20 0.449 0.445 -1.0 0.430 -4.3
21 0.495 0.492 -0.6 0.488 -1.4
Group
Average 6, 5 points (-0.10 = 0.68)% (-2.38 = 1.12)%
Loading
Average §, 25 points (-0.24 =+ 0.83)% (-0.74 + 1.29)%
8P /Pave) (0.2 = 1.0)% (0.7 + 1.4)3%
Keff 1.0018 0.9993 0.9991
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TABLE B-11. Experimental-Calculational Power Distribution
Comparisons, Water Cross, U02—2.35% 235y

Case No. 42 Case No. 43
St. RIBOT St. RIBOT
Experimental 4G - 4M 5G - 4M
Rod Symmetry Rod Power, Set No. 3 Set No. 3
Location Points Arbitrary Units Power 8§, % Power §, %
2 1 1.862 *1.86 -0.1 *1.86 -0.1
2 1.865 -0.3 -0.3
3 1.855 0.3 0.3
4 1.858 0.1 0.1
3 1 (1.575) 1.583 (0.5) 1.557 (-1.2)
2 1.589 -0.3 -2.0
3 1.586 -0.2 -1.9
4 1.589 -0.3 -2.0
5 1.600 -1.0 -2.7
6 1.595 -0.7 -2.4
7 1.592 -0.5 -2.2
8 (1.614) (-1.9) (-3.6)
5 1 1.404 1.39 -1.0 1.366 -2.7
2 1.393 -0.2 -1.9
3 1.406 -1.2 -2.9
4 (1.362) (2.1 (0.3)
6 1 1.339 1.315 -1.8 1.292 -3.5
2 1.335 -1.5 -3.2
3 1.328 -1.0 -2.7
4 (1.304) (0.8) (-0.9)
8 1 1.148 1.128 -1.7 1.107 -3.6
2 1.145 -1.5 -3.3
3 1.134 -0.5 -2.4
4 1.134 -0.5 -2.4
12 1 0.854 0.847 -0.8 0.839 -1.8
2 0.855 -0.9 -1.9
3 0.858 -1.3 -2.3
4 (0.869) (-2.5) (-3.5)
Group
Average 8, 23 points (-0.63 =+ 0.66)% (-1.99 + 1.16)%
13 1 1.299 1.309 0.8 1.256 -3.3
2 1.309 0 -4.1
3 1.305 0.3 -3.8
4 1.308 0.1 -4.0
15 1 0.973 0.974 0.1 0.933 -4.1
2 0.969 0.5 -3.7
16 1 0.882 0.864 [-2.0] 0.829 [-6.0]
2 0.871 -0.8 -4.8
Loading
Average &, 30 points (-0.46 = 0.70)% (-2.44 £ 1.34)%
d(PmaX/Pave) (0.5 = 0.7)% (2.4 £1.3)%
Kogs 1.0010 0.9990 0.9998
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TABLE B-12., Experimental-Calculational Power Diggribution
Comparisons, Basic 7 x 7 U02—2.39% U

Case No. 44
St. RIBOT
Experimental 4G - 4M
Rod Symmetry Rod Power, Set No. 3
Location Points Arbitrary Units Power 5, %
2 1 1.031 *1.039 0.8
2 1.043 -0.4
3 1.036 0.3
4 1.046 -0.7
3 1 0.921 0.922 0.1
2 0.920 0.3
3 (0.895) (2.9)
4 0.916 0.6
4 1 0.876 0.892 1.9
2 0.878 1.7
3 0.870 2.6
5 1 0.873 0.888 1.7
2 0.873 2.2
3 0.879 1.5
Group
Average &, 13 points (0.97 = 1.07)%
6 1 0.776 0.794 2.4
2 0.777 2.3
3 0.786 1.1
9 1 0.719 0.728 1.2
2 0.720 1.0
3 0.724 0.6
10 1 0.711 0.722 1.5
2 (0.699) (3.3)
3 0.715 0.9
4 0.711 1.5
11 0.701 0.716 2.1
Group
Average &, 10 points (1.46 * 0.62)%
18 1 0.363 0.366 0.8
2 0.368 -0.4
3 0.364 0.7
19 1 0.390 0.400 2.6
2 0.389 3.1
3 0.391 2.5
Loading
Average §, 29 points (1.26 + 1.00)%
G(Pmax/Pave) (-1.3 + 1.2)%
§F (-1.5 £ 0.8)%
Keff 1.0010 1.0014
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TABLE B-13. Experimental Calculational Power Distribution

Comparisons, Basic 9 x 9, U02—2,35% 235y
Case No. 45 Case No. 46 Case No. 47 Case No. 48
St. RIBOT St. RIBOT HTH THERMOS -HRG
Experimental 4G - 4M 56 - 4M 4G - 4M 4G - 4M
Rod Symmetry Rod Power, Set No. 3 Set No. 3 Set No. 31 Set No. 32
Location Points Arbitrary Units Power 5, % Power 5, % Power 5, % Power 5, %
2 1 0.911 *0.918 0.7 *0.918 0.7 *0.,918 0.7 *0.918 0.7
2 0.917 0 0 0 0
3 0.924 -0.7 -0.7 -0.7 -0.7
4 0.918 0 0 0 0
3 1 0.815 0.826 1.4 0.813 ~0.3 0.841 3.2 0.826 1.4
2 0.819 1.0 -0.6 2.7 1.0
3 0.821 0.7 -0.9 2.4 0.7
4 0.819 0.9 -0.7 2.7 0.9
4 1 0.817 0.811 -0.8 0.798 -2.3 0.826 1.2 0.814 -0.3
2 0.811 0 -1.6 1.9 0.4
3 0.805 0.7 -0.9 2.7 1.1
5 1 0.819 0.815 -0.6 0.802 -2.1 0.829 1.2 0.820 0.1
2 0.811 0.5 -1.0 2.2 1.1
3 0.818 -0.5 -2.0 1.3 0.3
6 1 0.814 0.818 0.4 0.806 -1.1 0.831 2.1 0.824 1.2
2 0.815 0.3 -1.2 2.0 1.1
3 0.820 -0.3 -1.8 1.4 0.5
Group .
Average §, 17 points (0.25 £ 0.63)% (-0.97 + 0.82)% (1.59 + 1.10)% (0.56 * 0.59)%
7 1 (0.701) 0.723 (3.0) 0.695 (-0.9) 0.755 (7.6) 0.719 (2.6)
2 0.715 1.1 -2.7 5.5 0.6
3 0.715 1.1 -2.8 5.5 0.6
10 1 0.695 0.706 1.6 0.680 -2.2 0.737 6.0 -0.708 1.9
2 0.694 1.8 -2.0 6.2 2.1
3 0.691 2.1 -1.6 6.6 2.5
14 1 (0.688) 0.681 (-1.0) 0.656 (-4.6) 0.712 (3.4) 0.688 (0)
2 0.671 1.6 -2.2 6.1 2.6
3 0.677 0.6 -3.1 5.1 1.7
15 1 0.675 0.683 1.1 0.658 -2.5 0.713 5.6 0.691 2.3
2 (0.704) (-3.0) (-6.5) (1.3) (-1.9)
3 0.678 0.7 -2.9 5.2 1.9
4 0.682 0.2 -3.4 4.5 1.4
Group
Average &, 10 points (1.19 + 0.59)% (-2.54 *+ 0.55)%  (5.63 * 0.61)% (1.75 + 0.72)%
24 1 0.349 0.350 0.2 0.334 -4.5 0.369 5.8 0.341 2.2
2 0.350 0.1 -4.7 5.5 -2.5
3 0.350 0 -4.7 5.5 -2.5
25 1 0.387 0.389 0.4 0.381 -1.6 0.395 2.1 0.371 -4.2
2 0.384 1 -0.8 2.9 -3.4
3 0.388 0.1 -1.9 1.8 -4.4
Loading
Average §, 33 points (0.55 + 0.71)% (1.82 + 1.32)% (3.24 = 2.14)% (0.24 + 1.86)%
5(Pmax/Pave) (-0.5 = 0.9)% (1.9 £ 1.4)% (-3.3 ¢ 2.1)% (-0.2 = 2.0)%
§F (-1.2 £ 0.8)% (2.5 £ 0.8)% (-5.6 =+ 0.8)% (-1.7 + 0.9)%
Keff 1.0027 1.0038 1.0058 0.9892 0.9955
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TABLE B-14. Experimental-Calculational Power Distribution
Comparisons, Basic 9 x 9 with Voids

Case No. 49 Case No. 50 Case No. 51 Case No. 52
RIBOT, unif(1) RIBOT, unif(l) RIBOT, non-unif(?) RIBOT, non-unif(?)
Experimental 4G - 4M 56 - 4M 4G - 4M 5G - 4M
Rod Symmetry Rod Power, Set No. 33 Set No. 33 Sets No. 35 - 37 Sets No. 35 - 37
Location Points Arbitrary Units Power 5, % Power §, % Power 5, % Power 5, %
2 1 1.510 *1.507 -0.2 *1.507 -0.2 *¥1.507 -0.2 *1.507 -0.2
2 1.497 0.7 0.7 0.7 0.7
3 1.517 -0.7 -0.7 -0.7 -0.7
4 1.504 0.2 0.2 0.2 0.2
3 1 1.309 1.334 1.9 1.309 0 1.319 0.8 1.297 -0.9
2 1.307 2.0 0.1 0.9 -0.8
3 1.310 1.8 -0.1 0.7 ~1.0
4 1.316 1.3 -0.6 0.3 -1.4
4 1 1.270 1.289 1.5 1.263 -0.5 1.272 0.2 1.247 -1.8
5 1 1.256 1.283 2.2 1.259 0.3 1.266 0.8 1.242 -1.1
2 1.261 1.8 -0.1 0.4 1.5
6 1 1.265 1.284 1.5 1.261 -0.3 1.266 0.1 1.243 -1.7
2 1.259 2.0 0.2 0.6 -1.2
Group
Average §, 13 points (1.23 + 0.93)% (-0.08 + 0.39)% (0.08 * 0.55)% (-0.88 £ 0.74)%
1.093 1.142 4.5 1.090 -0.3 1.102 0.8 1.058 -3.2
10 1 1.003 1.076 .3 1.026 2.3 1.028 2.5 0.983 -2.0
2 1.010 6.6 1.6 1.8 -2.7
11 0.935 1.029 10.0 0.976 4.4 0.977 4.5 0.928 -0.8
13 0.925 1.014 9.6 0.965 4.3 0.957 3.4 0.910 -1.6
14 1 0.916 1.002 9.4 0.954 4.1 0.941 2.7 0.896 -2.2
2 0.910 10.1 4.8 3.4 1.6
15 1 0.913 1.000 .5 0.953 4.3 0.937 2.7 0.893 -2.2
2 0.920 .7 3.6 1.9 -2.9
16 0.921 0.998 8.3 0.952 3.3 0.934 1.4 0.890 -3.3
Group
Average &, 10 points (8.4 £ 1.79)% (3.24 £ 1.60)% (2.51 + 1.09)% (-2.25 + 0.79)%
17 1.296 1.301 0.4 1.300 0.3 1.274 -1.7 1.274 -1.7
18 0.809 0.809 0 0.772 -4.6 0.792 -2.1 0.756 -6.5
19 1.248 1.265 1.4 1.241 -0.5 1.240 -0.7 1.219 -2.3
20 0.974 0.983 0.9 0.940 -3.5 0.962 -1.2 0.921 -5.4
21 0.822 0.842 2.4 0.802 -2.4 0.823 0.1 0.786 -4.3
22 0.739 0.743 0.5 0.708 ~4.3 0.727 ~1.7 0.694 -6.1
23 0.659 0.662 0.4 0.629 -4.6 0.648 -1.7 0.617 -6.4
24 0.607 0.616 1.4 0.584 -3.8 0.603 -0.7 0.573 -5.7
25 0.651 0.681 4.6 0.664 2.0 0.667 2.4 0.651 0
Loading
Average §, 32 points (3.5 + 3.61)% (0.37 + 2.68)% (0.71 £ 1.64)% (-2.26 + 1.95)%
§F (-8.4 +1.9)% (-3.2 + 1.8)% (-2.5 £+ 1.3)% (2.3 ¥ 1.0)%
S(PLay/Pave) (-3.5 + 3.7)% (-0.4 = 2.7)% (-0.7 = 1.7)% (-2.3 £ 2.1)%
Kogs 1.0030 1.0064 1.0084 1.0052 1.0071

1.
2

The water density uniformly decreased by the total void volume.

The water density adjusted non-uniformly similar to actual case (see Appendiz G).
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TABLE-B-15, Experimental-Calculational Power Distribution
Comparison, Basic 9 x 9 with Boral Blade,

UO,-2 wt$ PuO, (8% 240py)

Case No. 75

Experimental 4§t: ?é%?Tz)

Rod Rod Power, Cz = 0.205
Location Arbitrary Units Power s, %
5 1.078 1.136 5.4
6 0.734 0.778 6.0
7 0.457 0.992 3.7
8 1.974 2.046 3.6
9 2.451 2.500 2.0
10 1.56 1.583 1.4
11 1.344 1.390 3.4
12 1.327 *¥1.327 ---
13 1.251 1.257 0.5
15 1.005 0.942 -1.2
16 [0.879] 0.796 [-9.4]
17 0.476 0.579 21.6
18 [0.35] 0.201 [-42.7]
19 0.277 0.222 -20.0
20 0.295 0.247 -16.2
21 0.446 0.393 -11.9
25 2.042 2.047 0.2
26 1.908 1.958 2.6
27 1.928 1.937 0.4
28 1.880 1.911 1.6
29 1.839 1.87 1.7
30 1.832 1.823 -0.5
31 1.881 1.832 -2.6
32 2.030 2.176 7.2

33 1.737 1.737 0
34 1.621 1.607 -0.9
35 1.533 1.514 -1.3
36 1.395 1.369 -1.8
37 1.121 1.107 -1.3
38 [1.027] 0.846 [-17.6]
39 0.619 0.693 11.9
40 (1.193) 1.153 -3.3
1.246 -7.4
41 0.957 0.887 -7.3
42 0.660 0.614 -7.0
0.621 -1.1

43 0.455 0.455 4]
44 0.313 0.361 15.3
0.352 2.5
45 0.384 0.372 -3.1
46 0.403 0.380 -5.8
47 0.500 0.448 -10.3
48 0.686 0.657 -4.1
== 0.708 -7.1

Keff 1.0022 1.0039

1. 4 meshes were used near water gaps.

2. Zero derivative condition removed, blade
treated as diffusive region for energy
Group 1.
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TABLE B-16. Experimental-Calculational Power Distribution
Comparison, Basic 9 x 9 with Boral Blade,
U0,-2.35% 235U

Case No. 71 Case No. 72 Case No. 73 Case No., 74
St. RIBOT St. RIBOT St. RIBC St. RIBOT
Experimental 46 - 1M(1) 4G - 1m(1) 46 - (D) 4G - 1M(1)
Rod Rod Power, Cz = 0.205 C3 = 0.25 C3 =0.3 Cz = 0.205
Location Arbitrary Units  DPower 5, % Power [ Power 5, % Power 5, §
5 6.67 6.49 -2.6 6.59 -1.2 6.67 0 6.82 2.2
6 8.32 8.11 -2.5 8.22 -1.1 8.32 0 8.50 2.3
7 10.860 10.76 -0.4 10.84 0.4 10.96 1.5 11.21 3.8
8 17.18 16.34 -4.9 16.55 -3.6 16.73 -2.6 17.09 -0.5
9 19.89 18.73 -5.8 18.95 -4.8 19.12 -3.9 19.49 -2.0
10 14.14 14.27 0.9 14.41 1.9 14.53 1.8 14.78 4.5
11 12.87 12.78 -0.7 12.89 0.2 12.98 0.9 13.17 2.3
12 12.26 12.10 -1.3 12.18 -0.7 12.24 -0.1 12.38 1.0
13 11.41 11.43 0.1 11.48 0.5 11.52 0.9 11.59 1.5
14 10.49 *10.49 --- *10.49 --- *10.49 v-- *10.49 ---
15 8.86 9.12 2.9 9.06 2.2 9.00 1.6 8.95 1.0
16 6.67 7.15 7.4 7.01 5.3 6.88 3.4 6.82 2.5
17 3.46 4.53 30.8 4,34 25.4 4.17 20.4 4.10 18.4
18 2,00 1.48 -26.1 1.30 -33.7 1.23 -38.3 1.79 -10.1
19 2.45 2.19 -25.7 1.97 -33.1 1.90 -35.5 2.48 -15.8
20 3.16 2.46 -22.2 2.22 -29.8 2.17 -31.4 2.66 -16.1
21 2.87 2.35 -18.0 2.11 -26.4 2.07 -27.8 2.45 -14.6
25 17.16 16.58 -3.3 16.77 -2.3 16.91 -1.4 17.22 0.4
26 16.14 15.93 -1.3 16.09 -0.3 16.22 0.5 16.50 2.2
27 16.33 15.67 -4.1 15.82 -3.1 15.94 -2.4 16.20 -G.1
28 15.81 15.44 -2.4 15.58 -1.5 15.68 -0.8 15.92 G.7
29 15.46 15.14 -2.1 15.26 -1.3 15.35 -0.7 15.57 0.7
30 [11.44] 14.85 --- 14.96 .- 15.05 --- 15.23 ---
31 15.27 14.93 -2.2 15.02 -1.6 15.10 -1.1 15.25 -0.1
32 16.98 16.30 -4.0 16.39 -3.0 16.47 -3.1 16.71 -1.6
33 14.71 14.10 -4.1 14.16 -3.7 14.20 -3.4 14.39 -2.2
34 13.77 13.12 -4.7 13.14 -4.5 13.16 -4.4 13.31 -3.3
35 12.36 12.29 -0.5 12.28 -0.7 12.27 -0.7 12.39 0.2
36 11.44 11.09 -3.0 11.03 -3.6 10.98 -4.0 11.36 -3.2
11.48 -3.5 -4.0 -4.4 -3.7
37 8.98 9.02 0.4 8.91 -0.7 8.82 -1.8 8.88 -1.1
8.84 2.0 0.8 -0.2 0.5
38 6.35 6.99 10.1 6.85 7.8 6.72 5.8 6.74 6.1
6.38 9.5 7.3 5.2 5.5
39 4.78 5.76 20.4 5.59 16.8 5.43 13.5 5.37 12.3
4.77 20.7 17.0 13.8 12.6
40 18.05 9.48 -5.7 9.39 -6.6 9.34 -7.0 9.55 -5.0
9.90 -4.2 -5.1 -5.6 -3.5
41 7.92 7.32 -7.6 7.18 -9.2 7.10 -10.3 7.35 -7.1
7.84 -6.7 -8.3 -9.4 -6.2
42 5.17 5.13 -1.0 4,97 -4.0 4.86 -6.1 5.17 0
5.13 -0.1 -3.1 -5.2 0.7
43 3.65 3.82 4.5 3.65 0 3.53 -3.3 3.83 4.9
3.72 2.7 -1.8 -5.0 3.1
44 2.59 2.82 8.7 2.65 2.3 2.53 -2.3 2.82 8.9
2.60 8.5 2.0 -2.5 8.7
45 3.09 3.351 7.2 3.14 1.7 3.03 ~1.8 3.32 7.6
3.22 (2.7) -2.6 -5.9 (3.1)
46 3.67 3.57 -2.6 3.40 -7.4 3.31 -9.8 3.61 -1.5
3.72 -4.0 -8.7 -11.1 -2.9
47 4.65 4.02 -13.6 3.82 -17.9 3.75 -19.4 4.09 -12.0
4.55 -11.6 -15.9 -17.6 -10.0
Keff 1.0018 1.0037 1.06027 1.0018 0.9994
1. 4 meshes were used near water gaps.
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APPENDIX C

POWER CALIBRATION OF THE FUEL RODS
R. Martinelli and L. D. Williams

EXPERIMENTAL TECHNIQUES

In multiregion loadings, gamma activity originating from
different types of fuel is insufficient by itself to determine
rod power. In order to relate fission product gamma activities
from different types of fuel to relative rod power, absolute
intercalibration factors must be determined. In actual prac-
tice, the problem reduces to normalization of gamma activity
ratios for different fuel types such that only relative power
intercalibration factors are needed. Relative rod powers were
determined from gamma activities by utilizing the factor,

F(t)fuel g1 1D the following manner:

fuel #2
Power (fuel #1) _ F(t) X 11 (t) . (1)
Power (fuel #2) fuel #1 Y5 (t) -

uel
where Yy» o are the fission product gamma activities (>0.5 MeV)
measured from any rod of the specified fuel in a multiregion
core ekperiment at a time t following shutdown. Two methods
were used to determine the gamma to power factors to be
applied to the five different fuel types used in these tests;
the former was based on the measurement of cladding heatup
rates (calorimetric technique), the latter on the measurement

of lanthanum activities (140

La technique). The fuels were
240Pu) as the

normalizing fuel. The conversion factor F(t) used in Equa-

compared two at a time, using UOZ-Z wt% PuO2 (8%

tion (1) is expressed by the following relationships:



1
X =— X
///[:Tc;5t52 KZ I
F(t)fuel #1

140
(" "La)
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CALORIMETRIC TECHNIQUE

(ch/dt)1 K EE

(t) (2)

140

a 1 Yl (1'52) FZ

—_— X — X X =£ (t): (3)
(140La)2 Y, " TI-50 © T

where the symbols denote:

(ch/dt)l,Z

measured cladding heatup rates at constant power
(the time dependence of T. is linear if the process
is adiabatic)

= calculated factors, allowing for geometry, density

1,2
’ and heat capacitance of fuel and cladding
*
materials( )
140 _ A 140
( La)1 5 = measured 1.6 MeV gamma activity of La from each
’
fuel rod .(at the same time following shutdown)
Y1 ? = (weighted) 14OBa (140La precursor) fission yield
’ ® %
for each fuel type( )

(*) The following relationship was derived for relative rod
powers from a thermal model of a fuel rod with ecladding,
where the cladding temperature raises adiabatically:

Ky Py/(dT/dt)y  (AgCpog + ACopp)y ,

Ko P/l /dt),  (AgCpog + ACip )y

where: P = rod power; A = cross sectional area (all the
fuels are of the same length); C = specific heat; p = den-
sity. Subscripts f and ¢ denote fuel and cladding.

(**) When more than one fissile isotope is present in the fuel,

the fission yields must be weighted by the (calculated)
effective macroscopic fission cross sections of the different
igsotopes. Additionally, the variation in the energy

release per fission for the different fissile isotopes must
be accounted for in the correction factor.
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Sq 5 = calculated self absorption factors of rods of each
) 140
La.

fuel type for the 1.6 MeV gamma of

'y 2(t) measured fission product gross gamma activity
’
(>0.5 MeV) from each fuel rod, at the same time t

following shutdown of the "heatup'" irradiation.

The fuel rods to be compared were placed in thermally insu-
lated thimbles which were installed at core positions of equal

flux in a single region UOZ-Z wth Puo, (8% 240

Pu) loading.
The cladding heatup rates were measured using 30 gage iron-
constantan thermocouples attached to the cladding of the fuel
rods at their vertical centers. The reactor power was raised
to a nominal 7 kW on about a 20 sec period and maintained at
a steady power level during data collection. The voltage
output from the two thermocouples was read by means of a

digital voltmeter alternately sampling each thermocouple
every 6 sec. The experimental setup is shown in line form in

Figure C-1. Data collettion was terminated when the cladding
heatup was no longer linear. This breakthrough was normally
observed 60 to 70 sec following reactor stabilization at 7 kW.
A linear least squares fit was applied to 10 data points
obtained from each fuel rod heatup. A typical calorimetric
measurement is shown in Figure C-2. Figure C-3 illustrates the
relative cladding heatup of the five compared fuels. Each fuel
combination measurement was repeated three times using dif-
ferent rods.

Following the calorimetric measurements, the two fuel rods
were removed from the thimbles and their gamma activity
(>0.5 MeV) counted as a function of time following shutdown,
using the same gamma scanning equipment and energy discrimina-
tion employed during power distribution measurements. The
relative gamma activities were measured for the fuel rods during

the period 4 to 8 1/2 hr following shutdown.
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FIGURE C-1. EXPERIMENTAL ARRANGEMENT FOR CALORIMETRIC
MEASUREMENTS
(A&B ARE FUEL ELEMENTS BEING COMPARED)
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After 12 and up to 30 days following irradiation, the fuel
rods used for calorimetric measurements were gamma analyzed for

their 140

La activities using a multichannel analyzer. The
140La (1.60 MeV) photopeak at half-

maximum were compared for each fuel combination. The rods used

integral counts under the

for these measurements were counted prior to irradiation and

140

found to have no detectable history of La activity. The

measurement of cladding heatup rates and 140

La activities,
coupled with the correction factors and the gamma activity
ratios, gave two independent determinations of the conversion
factor F(t) for each fuel pair, as indicated in Equations (2)

and (3).
ACCURACY OF EXPERIMENTAL RESULTS

The results of the intercalibration measurements obtained
by the calorimetric method are listed in Table C-I. The
uncertainty associated with each heatup rate ratio is practi-
cally one-half of the maximum dispersion of the results obtained
for different couples of rods of the same fuel pair (the stan-
dard deviations of the linear fits were used as weighting
factors). The same criterion was adopted to define the confi-
dence interval of the gamma ratios. The gamma ratios for
UOZ—PuO2 fuels were assumed to be constant with time, since the /
ratio varied less than 0.5% over the times interval of interest.?*
The UOZ—PuOZ/UO2 gamma ratios were found to be time dependent
and was well represented by a straight line; the slopes were
practically identical for both fuel pairs involving UO2 (see
Table C-I). The accuracy of this set of measurements looks
quite satisfactory; a cross-check was possible for Cases 1, 4
and 5 of Table C-I, and an agreement was found which was much
better than expected on the basis of the uncertainties of the

single measurements. On the other hand, the results of the

*  Gamma ratios were sampled about 40 times for each pair of
fuel rods in the time range of measurement.
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TABLE C-I. Results of Intercalibration Measurements
(calorimetric method)

) (a)
(dzc/dt'l ]]:_l_ F_l 1:(t)fuel 1
Case Compared Fuels ( c th 2 T2 fuel 2
UO,-2 wt% PuO.,(8)
1 Tt T 1.410 + 0.020 1.26 1.443 = 0.005(°) 1,231 + 0.021(¢)
2 . ° [J
U0,-2 wts Puo,(8) (Y
2 0052 Pa0, (24 1.085 + 0.002 1.00 1.096 = 0.005 0.990 + 0.007
UOZ-Z wth Pu02(8) (e)
S govwwergwo; 1679 f 0.012 1olg 10795 20005 [0.950 + 0.010]
U0,-2 wt% Pu0,(8)
4 00,74 wE% Puo, 0.815 + 0,002 1.0l 0.827 = 0.003 1.000 + 0.006
Uo,-4 wt% Pu0
(O 2 2 1.728 + 0.021 1.24 1.755 + 0.005P) 1.221 + 0.018(%)
U0,-2.35% 255
a. Corrections considered to be absolute. The specific heat
values used are: Zircaloy-2, (0,071 Btu/lb °F; Aluminum
6061, 0.22 Btu/lb °F; UOg and UOg9~PuOg fuels, 0.067 Btu/
b °F.
b. Jormalized to 306 min following shutdown. The time dependence
of these gamma ratios between 4 and 8 1/2 hours following
shutdown can be represented by a straight line. The rate of

inerease of both ratios is (0.73 * 0.02)%/hr. ©No appreci-
able time dependence was observed for the other gamma ratios.
e. Normalized to 306 min following shutdown.
d. (8) and (24) are the isotopic concentrations (%) of £40p,,
in the two U0g-2 wth Pu02 fuels

e. Only two heatup rate measurements were accepted for this
pair.

f. This additional set of measurements was made to provide a
eross check with Cases 1 and 4.

140La measurements were not very satisfactory. Due to instrumen-

tation problems, the useful 140La activity measurements were made
late where the counting rate or ''signal to background" ratio

was not high enough to yield the desired statistical accuracy.
The accuracy of these measurements was hardly better than 3%.
Therefore, the intercalibration factors derived from these

measurements were not applied for rod power normalization.
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RELIABILITY OF INTERCALIBRATION FACTORS

The uncertainties associated with the F(t)'s in Table C-1I
were obtained by propagating the experimental errors defined
for heatup rate and gamma activity ratios, since heat capaci-
tance corrections were assumed to be absolute. The presence of
systematic errors in the Kl/KZ correction factors cannot be
excluded in principle, but, in practice, it is very unlikely
that such errors exceed some tenths of percent. The overall
confidence intervals relative to the intercalibration factors
were settled around #2%; this value compares favorably with the
confidence on the homogeneity of fuel within the rods which was

determined by axially gamma scanning irradiated fuel rods.

The measured F(t) for the U02-0.9 wt% Pqu fuel 1s about
5% lower than expected, however, there was evidence to suggest
that this value is incorrect.* The reason for this anomaly was
2—0.9 wth Pqu fuel

was found to be high relative to the other fuel types during

identified with nonhomogeneity of the UO

the y-scanning measurements. The normalized powers of U02-0.9
wt% Pqu rods, obtained by using the measured intercalibration
factor (0.950) should be looked at with suspicion in the analysis

of theory-experiment comparison on multiregion loadings.

* The lack of an appreciable time dependence of the T;/Ty ratio
in the 4 to 8 1/2 hour decay range is 1inconsistent with a
gamma to power conversion ratio not equal or very close to
unity. The calculated fission cross sections, which are
consider§§5accurate, indicate that the power sharing
between U and 289Pu should be similar to other U0 9-Puly
fuel types.
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APPENDIX D
MULTIREGION POWER DISTRIBUTION MEASUREMENTS AND CALCULATIONS

P. Loizzo, R. Martinelli and L. D. Williams

The gamma activity counting procedure for the mutiregion
loadings was slightly different than that for the single region
loadings. Using only one type of fuel, as in the single region
experiments, a single monitor could be placed in the decay sys-
tem and utilized for decay correction over the entire counting
time. In the multiregion loadings, this method was not practical
due to the different time dependent decay characteristics of
the various types of fuel. The different types of fuel rods
were counted initially by themselves using a decay monitor of
their own type of fuel. Following the gamma counting of the
individual fuel types, selected rods of each type were counted
rela;ige to each other using, in most cases, a UOZ-Z wth PuO2
(8%

scanning results for all the fuels were then corrected to the

Pu) rod as a normalizing fuel. The relative gamma

same time following shutdown using the normalizing results.,

At this point, gamma activity to rod power conversion factors,
as determined by the methods outlined in Appendix C, were
applied to the results. The power normalization factors
determined by the calorimetric method were used for the gamma

activity to rod power conversion.

The experimental uncertainties of the measurements in the
multiregion loadings are not provided for each case as was
done in the single region loadings. It was determined that
the relative accuracy of the experiment (RAE) for these loadings
was generally the same as for single region cores. The
uncertainty associated with the power normalization factors is
not included in the RAE. The RAE is, in fact, experimental

confidence for the rod gamma activities and not the rod power.
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Uncertainties associated with rod powers following the applica-
tion of the power normalization factors cannot be generally
related to the entire loading. The confidence intervals for
each type of fuel can only be individually applied using the
uncertainty for the power conversions listed in Table C-I and
the uncertainty derived from the dispersion of the gamma

activities observed in rod symmetry checks.

The loading maps and relative rod power for all the multi-
region loadings are presented in this section in Figures D-1
through D-11. The types cf fuel in the various regions are
labeled on the loading maps. The abbreviated designations
should be obvious for all fuel except the U0,-2 wt% PuO,. Where

2
not specifically denoted as 24% 240Pu, the 2 wt% designates the

8% 240Pu fuel. As for the single region loading, the rod powers
shown on the loading maps are the average power of symmetric
rods. The individual rod powers for six of the eleven measured
configurations are given in Tables D-I through D-VI, where they
are compared with rod powers calculated using various theoreti-
cal models. Again, the numbers seen on the loading maps and in
the tables are only location index numbers used during the calcu-
lations and have no other significance. The case numbers

listed in the tables for each model are related to corresponding

numbers used in Table XVI through XIX and in the text.

The discrepancies between experimental and theoretical rod
powers are defined in the same manner in this section as for
the single region configurations.
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TABLE D-I. Experimental - Calculational Power Distribution
Comparisons, Basic 9 x 9 = U0,-2.35% 235y
Element in UO,-2 wt% PuO, (8% 240py)
Case No. 66 Case No. 67 Case No. 68
St. RIBOT St. RIBOT THERMOS - HRG
4G - AM 5G - 4M 4G - 4M
Experimental Sets No. 1 Sets No. 1 Sets No. 14
Rod Symmetry Rod Power, and 3 and 3 and 34
Location Points Arbitrary Units Power 5§, % Power s, % Power 5, %
4 1 1.605 ¥1.597  -0.5  *1.597  -0.5  *1.597  -0.5
2z 1.600 0.2 -0.2 -0.2
3 1.586 +0.7 +0.7 +0.7
5 1 1.483 1.483 0 1.461 -1.5 1.477 -0.4
2z 1.474 +0.6 -0.9 +0.2
3 1.458 +0.17 +0.2 +1.3
6 1 1.473 1.473 0 1.450 -0.16 1.470 -0.2
2 1.479 -0.4 -2.0 -0.6
3 (1.444) (+2.0) (+0.4) (+1.8)
7 1 1.474 1.485 +0.7 1.463 -0.8 1.485 +0.7
2z 1.476 +0.6 -0.9 +0.6
3 1.471 +1.0 -0.6 +1.0
8 1 1.471 1.492 +1.4 1.469 -0.1 1.492 +1.4
2z 1.472 +1.3 -0.2 +1.3
3 1.475 +1.1 -0.4 +1.1
9 1 1.324 1.349 +1.9 1.304 -1.5 1,335 +0.8
2z 1.318 +2.3 -1.1 +1.3
3 1.327 +1.6 -1.8 +0.6
11 1 1.312 1.333 +1.6 1.289 -1.7 1,323 +0.8
A 1.295 +2.9 -0 5 +2.2
3 1.302 +2.4 -1.0 +1.6
12 1 1.301 1.337 +2.8 1.294 -0.5 1.328 +2.1
13 1 1.313 1.328 +1.2 1.284 -2.1 1.318 +0.4
2 1.302 +2.0 -1.4 +1.2
3 1.318 +0.8 -2.6 0
4 1.305 +1.8 -1.6 +1.0
15 1 1.332 1,353 +1.5 1.307 -1.9 1.335 +1.0
2 1.327 +1.9 -1.5 +0.6
3 1.333 +1.6 -2.0 +0.1
Group Average §, 28 points (1.22 = 0.92)% (-1.07 £ 0.79)% (0.72 + 0.72)%
16 1 1.798 1.861 +3.,5 1.830 +1.8 1,794 -0.2
A 1.799 +3.4 +1.7 -0.3
3 (1.839) (+1.2) (-0.5) (-2.4)
17 1 1.557 1.576 +1.2 1.542 -1.0 1.519 -2.4
2 1.555 +1.3 -0.8 -2.3
3 1.566 +0.6 ~1.5 -3.0
18 1 0.705 0.744 +5.6 0.710 +0.7 0.720 +2.1
2 0.698 +6.6 +1.7 +3.1
3 0.699 +6.4 +1.6 +3.0
19 1 0.936 1.005 +7.4 0.971 +3.7 0.943 +0.7
2 0.933 +7.7 +4.,1 +1.1
3 0.927 +8.4 +4.,7 +1,7
Group Average §, 11 points (4.74 + 2.85)% (1.52 + 2,08)% (0.32 + 2.16)%
Loading Average §, 39 points (2.22 = 230)% (-0.34 = 1.72)% (0.61 = 1.28)%
1.0068 1.0098 1.0104 1.0047

Kefs
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TABLE D-II. Experimental - Calculational Power Distribution
Comparisons, Basic 7 x 7, U0O,-2 wt% PuO2 (24%
240py) Element in UO,-2 wt%"Pul, (8% 240py)

Case No. 65

St. RIBOT
4G - 4M
Experimental Sets No. 1
Rod Symme try Rod Power, and 6
Location Points Arbitrary Units Power 5, %
4 1 1.184 *1.188 +0.3
2 1.188 0
3 1.192 -0.3
S 1 0.976 0.971 -0.5
2 0.965 +0.6
3 0.960 +1.2
6 1 0.916 0.928 +1.3
2 0.923 +0.6
3 0.911 +1.9
7 1 0.905 0.922 +1.9
2 0.912 +1.1
3 (0.379) (+4.9)
Group Average &, 11 points (+0.74 + 0.82)%
8 1 0.687 0.702 +2.1
2 0.695 +1.0
3 (0.670) (+4.7)
9 1 0.637 0.657 +3.1
2 0.632 +3.9
3 0.631 +4.1
4 0.640 +2.6
10 0.631 0.650 +3.1
11 1 0.646 0.663 +2.7
2 0.638 +4.0
3 0.648 +2.4
12 1 0.754 0.751 -0.6
2 0.749 +0.3
3 (0.735) (+2.2)
Group Average $§, 12 points (2.39 = 1.49)%
14 1 (1.193) 1.185 (-0.7)
2 1.220 -2.9
3 1.215 -2.5
15 1 0.945 0.964 +2.0
2 0.945 +2.0
3 0.947 +1.8
4 (0.976) (-1.2)
16 1 0.439 0.440 +0.2
2 0.433 +1.6
3 0.430 +2.3
17 1 0.591 0.595 +0.7
2 (0.571) (+4.2)
3 0.588 +1.2
Group Average &, 10 points (0.61 + 1.85)%
Loading Average &, 33 points (1.3 + 1.62)%
SF (-2.4 + 1.5)%
Keff 1.0051 1.0158
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TABLE D-III. Experimental - Calculational Power Distribution
Comparisons, Basic 9 x 9  Composite Element

No. 1 in UOp-2 wt% PuO, (8% 240pu)

Case No. 69 Case No. 70

St, RIBOT THERMOS - HRG
4G - 4M 4G - 4M
Experimental Sets No. 1, Sets No. 14,
Rod Symmetry Rod Power, 4, and 5 41, and 51
- Location Points Arbitrary Units Fower 5, % Power )
2 1 1.077 1.018 -6.0 1.037 -4.8
2 1.071 -5.4 -3.7
3 1,068 -5.1 -3.4
4 1.085 -6.6 -4.9
3 1 0.882 0.815 -8.2 0,835 -5.9
2 0,873 -7.1 -4.9
3 0.892 -9.1 -6.9
4 (0.951) (-14.7) (-12.9)
5 0.893 -9.2 -7.0
[3 (0.858) (-5.7) (-3.3)
7 0.863 =6.0 -3.7
Group Average 6, 9 points (-6.97 = 1.54)% (-4.97 + 1.36)%
4 1 1.360 *1.368 +0.6 *1.368 +0.6
2 1,372 -0.3 -0.3
3 1.365 +0.3 +0.3
4 1.376 -0.6 -0.6
5 1 1.308 1.283 -1.9 1.293 -1.2
Z 1.312 -2.2 -1.5
3 (1.285) (-0.1) (+0.6)
4 1.297 -1.1 -0.3
6 1 1.292 1.275 -1.3 1.287 -0.4
2 1.285 -0.7 -0.1
3 (0.1268) (+0.6) (+1.,5)
7 1 1.172 1.145 -2.3 1.146 -2.2
2 1.157 -1.0 -0.9
3 1.160 -1.1 -1.2
Group Average &, 1Z points (-0.59 ¢ 0.30)% (-0.66 = U,787%
8 1 1.196 1.232 +3.0 1.205 +0.8
2 1.199 +2.7 +0.5
3 1,191 +3.4 +1.2
9 1 1.127 1.153 +2.3
2 1.119 +3.1
3 1,124 +2.6
10 1 (1.118) 1.147 (+2.6) 1.134 (+1.4)
2 1.143 +0.3 -0.8
3 1.144 +0.4 -0.9
13 1 1.007 1.026 +1.9 1.026 +1.8
2 1.015 +1.1 +1.0
3 1.010 +1.6 +1,5
14 1 (0.967) 1.017 (+5.2) 1.019 (+5.4)
2 0.988 +2.9 +3.1
3 1.001 +1.6 +1.8
~ 15 1 (1.021) 1.019 (-0.2} 1.022 (+0.1)
2 0.990 +3.0 +3.3
3 1.006 +1.3 +1.6
4 0.987 +3.3 +3.6
16 1 1.013 1.022 +0.9 1.026 +1.3
> Group Average §, 17 points (Z.08 = T.02)% TAT = 13405, (1%
points)
17 1 1.181 1.195 1.1 1.190 +0.8
2 1.186 0.7 +0.4
3 1.176 1.6 +1.2
18 1 0.770 0.781 1.4 0.776 +0.8
2 0.775 0.8 40,2
3 0.774 0.9 +0.3
19 1 0.673 0.682 1.3 0.670 -0.5
2 0.682 0 -0.8
3 0.671 1.6 -0.2
Group Average &, points (1.0 % 0.51)% (0.2Z = 0.65)%
Toading Average &, 47 points (-0.63 ¢+ 3.20)% -0.84 < Z.57)%, (44
_points}
gﬁggiggd;\;’e’rggepéiﬁigclud1ng 0.9% (0.87 5 1.59)3 {-0.39 = 1.40)%, (;fdnts]
1.0022 1,0096 1.0077

Kegr

D-8
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TABLE D-IV. Experimental - Calculational Power Distribution
Comparisons, Basic 9 x 9, UO3-2 wt% PuOy Element
in UO,-2.35% 235y

Case No. 53 Case No, 54 Case No. 55 Case No. 56
St. RIBOT St. RIBOT RIBOT, M.H.(1) THERMOS - HRG
4G - 4M 5G - 4M 5G - 4M 4G - 4M
Experimental Sets No. 1 Sets No. 1 Sets No. 15 Sets No. 14
Rod Symmetry Rod Power, and 3 and 3 and 34 and 32
Location Points Arbitrary Units DPower 5, % Power 5§, % Power 5, % Power §, %
2 1 1.131 1.124 -0.6 1.130 -0.1 1.104 -2.4 1.114 -1.5
2 1.127 -0.3 +0.3 -2.0 -1.1
3 (1.068) (+5.2) (+5.8) (+3.4) (+4.3)
3 1 0.906 *0.905 -0.1 *0.905 -0.1 *0.905 -0.1 *0.905 -0.1
2 0.904 +0.1 +0.1 +0.1 +0.1
3 0.905 0 0 0 0
4 (0.893) (+1.3) (+1,3) (1.3) (+1.3)
4 1 0.897 0.877 -2.2 0.879 -2.0 0.877 -2.2 0.881 -1.8
2 0.894 -1.8 -1.7 -1.8 -1.5
3 0.884 -0.8 -0.6 -0.8 -0.4
5 1 0.894 0.884 -1.2 0.887 -0.8 0.883 -1.2 0.889 -0.6
2 0.898 -1.6 -1.2 -1.7 -1.0
3 0.882 +0.2 +0.6 +0.1 +0.8 °
6 1 0.892 0.889 -0.4 0.892 0 0.887 -0.6 0.895 +0.3
2 0.897 -0.9 -0.6 -1.1 -0.2
3 0.882 +0.8 +1.1 +0.6 +1.5
Group Average §, 14 points (-0.63 + 0.85)% (-0,36 + 0.86)% (-0.94 = 0.98)% (-0.39 + 0.83)%
10 1 0.641 0.647 +0.9 0.641 0 0.661 +3.1 0.659 +2.8
2 0.641 +0.9 0 +3.1 +2.8
3 0.647 0 -0.9 +2.2 +1.9
14 1 0.594 0.610 +2.8 0.606 +2.0 0.621 +4.5 0.624 +5.0
2 0.602 +1.4 +0.7 +3.2 +3.7
3 0.589 +3.6 +2.9 +5.4 +5.9
4 (0.616) (-1.0) (-1.7) (+0.8) (+1.4)
15 1 0.603 0.613 1.7 0.609 +1.0 0,623 +3.3 0.627 +4.0
2 0.603 +1.7 +1.0 +3.3 +4.0
3 0.604 +1.6 +0.8 +3.2 +3.8
4 (0.591) (+3.8) (+3.0) (+5.4) (+6.1)
16 1 0.604 0.616 +2.0 0.612 +1.3 0.626 +3.7 0.630 +4.3
Group Average §, 10 points (1.66 = 1,01)% (0.88 x 1.07)% (3.50 =+ 0.88)% (3.82 + 1.14)%
18 1 0.784 0.743 -5.2 0.765 -2.4 0.762 -2.8 0.758 -3.3
2 0.779 -4.6 -1.8 -2.2 -2.7
3 0.784 -5.2 -2.4 -2.8 -3.3
4 0.785 -5.3 -2.5 -3.0 -3.4
19 1 0.699 0.667 -4.6 0.677 -3.1 0.681 -2.6 0.683 -2.3
2 0.701 -4.8 -3.4 -2.9 -2.6
3 0.706 -5.5 -4.1 -3.5 -3.3
4 0.702 -4.9 -3.6 -3.0 -2.7
24 1 0.382 0.364 -4.7 0.357 -6.5 0.365 -4.4 0.360 -5.8
2 0.379 -4.0 -6.3 -3.7 -5.0
3 (0.370) (-1.6) (-3.5) (-1.4) (-2.7)
25 1 0.417 0.400 -4.1 0.403 -3.4 0.405 -2.9 0.389 -6.7
2 0.416 -3.8 -3.1 -2.6 -6.5
3 (0.408) (-2.0) (-1.2) (-0.7) (-4.7)
Group Average 6, 12 points (-4.72 £ 0.54)% (-3.55 % 1.47)% (~3.03 + 0.58)% (-3.97 = 1.5)%
Loading Average &, 36 points (-1.39 + 2.69)% (-1.03 = 2,16)% (-0.40 = 2.74)% (-0.41 = 3.30)%
Keff 1.0039 1.0074 1.0087 1.0045 1.0012
1. Homogenized moderator cross sections, see text.
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TABLE D-V. Experimental - Calculational Power Distribution
Comparisons, 11l x 11, UO,-2 wt% PuO2 (8% 240py)

Element in U0,-2.35% 235
Case No, 57 Case No. 58 Case No. 59 Case No. 60
St. RIBOT St. RIBOT RIBOT, M.H.(1)  prIpor, H.M.(1)
4G - 4M 5G - 4M 4G - 4M 5C - 4M
Experimental Sets No. 1 Setts No. 1 Sets No. 15 Sets No, 15
Rod Symme try Rod Power, and 3 :and 3 and 34 and 34
Location Points Arbitrary Units Power [ Fawer [T Power 5, % Power 5, %
3 1 (1.192) 1.248  (+4.7) 1,256 (#5.6) 7.249  (+4.8) 1.253  (+5.1)
2 1.227 +1.7 “2 . +1.8 +2.1
3 1.215 +2.8 w34 +2.8 +3.1
8 1 1.189 1.239 +4.2 1.247 6.8 1.240 +4.3 1.244 +4.6
2 1.205 +2.8 “3.5 +2.9 +3.3
3 1.223 +1.3 wl.9 +1.4 +1.7
5 1 1.157 1.183 +2.3 1.188  +2.8 1.187 +2.6 1.189 +2.8
2 1.158 +2.2 w2.7 +2.5 +2.7
3 (1.133) (+4.4) (+5.0) +4.7} (+5.0)
6 1 1.118 1.159 +3.7 1.163  +4.0 1.165 +4.2 1.166 +4.3
2 1.130 +2.6 +2.9 +3.1 +3.2
3 1.127 +2.9 +3.2 +3.4 +3.5
7 1 1.227 1.267 +3.2 1.272 +3.7 1.254 +2.2 1.255 +2.3
2 1.208 +4.9 +5.3 +3.8 +3.9
3 1.202 +5.4 +5.8 +4.3 +4.4
9 1 (1.169) 1,201 (+2.8) 1.199  (+2.6)  1.179  (+0.8) 1.174  (+0.4)
2 1.136 +5.7 +5.5 +3.8 +3,3
3 1.141 +5.3 +5.1 +3.3 +2.9
Group Average &, 15 points (3.40 + 1.40)% (3.93 + 1.44)% (3.09 + 0.87)% (3.21 + 0.85)3%
11 1 0.834 0.837 +0.3 0.838 +0.4 0.844 +1.3 0.845 +1.3
2 0.837 0 +0.1 +0.9 +1.0
3 0.824 +1.5 +1.7 +2.5 +2.6
12 1 0.885 0.887 +0.2 0.891 +0.7 0.886 +0.1 0.889 +0.5
2 0.894 -0.8 -0.3 -0.9 . -0.6
13 1 0.835 0,840 +0.6 *0.840 +0.6  *0.840 +0.6  *0.840 +0.6
2 0.843 0.4 -0.4 -0.4 0.4
3 0.841 9.2 0.2 -0.2 -0.2
14 1 0.801 0.806  #0.6 0. 804 +0.4 0.807 ~0,7 0.805 +0.5
2 0.805 #0,1 0.1 0.2 0
3 0,807 -0.1 -0.4 0 -0.2
16 1 0.724 0.789 0.7 9.729 +0.7 0.732 +1,1 0.731 +1.0
2 0,723 +0.8 +0.8 +1.2 +1.1
3 0.732 -0.4 0.4 0 0.1
Group Average 6§, 14 points (0.21 * 0.56)% (®.26 = 0.61)% (0.51 + 0.86)% (0.51 + 0.84)%
Loading Average &, 29 points (1.86 ¢ 1.94)%  (2.01 + 2.04)%  (1.84 + 1.57)%  (1.90 + 1.60)%
Kogt ’ 1.0833 1.0028 1.0035 1.0013 1.0017

1. Homogenized moderator cross sections, see tezt.
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TABLE D-VI. Experimental - Calculational Power Distribution

Comparisons, Basis 9_x 9, Composite Element
No. 2 in U0,-2.35% 235y

Case No. 62 Case No. 63 Case No. 64
St. RIBOT St. RIBOT THERMOS - HRG
4G - 4M SG - 4M 4G - 4M
Experimental Sets No. 1 Sets No. 1 Sets No. 14
Rod Symmetry Rod Power, and 3 and 3 and 32
Location Points Arbitrary Units Power S, & Power 6, % Power 5, %
4 1 1.222 *1.224 +0.2 *1.224 +0.2 *1.224 +0.2
2 1.218 +0.5 +0.5 +0.5
3 1.231 -0.6 -0.6 -0.6
S 1 1.010 1.024 +1.4 1.008 -0.2 1.027 +1.7
2 (0.990) (+3.4) (+1.8) (+3.7)
3 1.022 +0.2 -1.4 +0.5
6 1 0.961 0.969 +0.8 0.953 -0.8 0.979 +1.9
2 0.970 -0.1 -1.7 +0.9
3 0.965 +0.4 -1.2 +1.5
7 1 0.965 0.966 +0.1 0.950 -1.7 0.980 +1.5
2 0.966 0 -1.7 +1.5
8 1 0.967 0.968 +0.1 0.953 -1.5§ 0.983 +1.7
2 0.964 +0.4 ~1.1 +2.0
3 (1.000) (-3.2) (-4.7) (-1.7)
Group Average §, 12 points (0.28 + 0.49)% (-0.93 + 0.70)% (1.11 + 0.80)%
9 1 1.087 1.153 +6.0 1.095 +0.7 1.118 +2.8
2 1.092 +5.6 +0.3 +2.4
3 (1.018) (+13.3) (+7.6) (+9.8)
11 1 (0.816) 0.895 (+9.7) 0.856 (+4.9) 0.890 (+9.1)
2 0.842 +6.3 +1.7 +5.7
3 0.833 +7.4 +2.8 +6.8
12 1 0.848 0.894 +5.4 0.856 +0.9 0.889 +4.8
13 1 0.838 0.897 +7.0 0.856 +2.1 0.891 +6.3
2 0.836 +7.3 +2.4 +6.6
3 0.842 +6.5 +1.7 +5.8
4 (0.823) (+9.0) (+4.0) (+8.3)
14 1 0.907 0.961 +6.0 0.912 +0.6 0.944 +4.1
2 0.900 +6.8 +0,1 +4.9
3 (0.867) (+10.8) (+5.2) (+8.9)
15 1 1.252 1.365 +9.0 1.286 +2.7 1.303 +4.1
2 1.251 +9.1 +2.8 +4.2
3 1.238 +10.3 +3.9 +5.3
4 1.244 +9.7 +3.4 +4.7
Group Average &, 14 points (7.31 £ 1.59)% (1.86 = 1.20)% (4.89 + 1.32)%
16 1 1.002 1.031 +2.9 1.016 +1.4 1.035 +3.3
2 1.005 +2.6 +1.1 +3.0
3 (1.031) (0) (-1.5) (+0.7)
17 1 0.773 0.789 +2.1 0.756 -2.2 0.782 +1.2
2 0.774 +1.9 -2.3 +1.0
3 0.775 +1.8 -2.4 +0.9
18 1 0.654 0.662 +1.2 0.632 -3.4 0.657 +0.5
2 0.647 +2.3 -2.3 +1.5
3 0.652 +1.5 -3.1 +0.8
Group Average 6§, 9 points (2.04 + 0.56)% (-1.66 + 1.84)% (1.52 ¢+ 1.02)%
Loading Average ¢, 35 points (3.6 + 3.36)% (0.08 + 2.00)% (2.76 =+ 2.13)%
K 1.0022 1.0042 1.0052 0.9967
eff
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APPENDIX E

CONTROL BLADE WORTH MEASUREMENTS AND CALCULATIONS
P. Loizzo and N. Pacilio

MATHEMATICAL FRAMEWORK

In order to give an operative definition to the parameter
o, we start with the conventional one-point monoenergetic
kinetic equations related to a fundamental space-mode and a

unified delayed neutron group,

n(t) - an(t) + ac(t)

c(t)

a n(t) - ac(t) (1)

where the symbols indicate

n(t) neutron density at time t

c(t) delayed neutron precursor density at
time t

1-k(1-8) . . .

@ = — Rossi-alpha or prompt-period reciprocal

k effective multiplication factor

B effective total fraction of delayed
neutrons

2 prompt neutron lifetime

_ B s .

a. T 7 critical Rossi-alpha

A delayed neutron precursor time-decay
constant.

The general solution of Equation (1) is given by

t t

n(t) = Ae “1° + Be “2

where the two decay constants are approximately given by
A(a-a )
w N < and w MG
1~ o 2~

and are the stable period and the prompt period reciprocals.

If the presence of delayed neutrons is neglected, i.e., if
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X 1s set equal to zero, Equation (1) degenerates into a first
order differential equation, whose solution is

n(t) = ce ®t (2)

It indicates that for x = O, W, (namely o) becomes the funda-
mental eigenvalue. This also means that, if a suitable time
basis is chosen such that mostly prompt neutrons are observed,

a time behavior like Equation (2) is expected for them. In
fact, pulsed neutrons and reactor noise analysis experiments

are based on the assumption that a fundamental space-mode and
exponential time decay exists for the prompt neutron flux and is
characterized by the parameter a.

If Equations (1) and (2) are generalized to a multigroup

diffusion theory model, one obtains

<1_> M; = D.A - Zl + Zl) + (1' ) j
v, ot i8¢ ( a r) %i BIxq E:jv Ly °5
(i~1) .
+Zj I, ¢j+xi>\c (1)
1 9% i i J
T oTTC Ditéy - (za + zr) P (l-B)Xizj\) I ¢y
g (3~1) g
+ 2
35 1D 2

where i and j are energy-group subscripts.

The corresponding static equations obtained by setting ¢ = O
and replacing the terms containing c, are:

] i i ) (j~i) _ M j ..

Didoy + (B, + 1005 -3 Iy by = 20 Tyoey (177
) . .. (1-8)

] i, ,iy, . (3+1) Xi i o4 (ge-

Didey + (25 + 2000y Zj Ly b5 = '_k_‘“—z v Ig o5 (277)

The multiplication factor k and the prompt multiplication factor
kp are the required eigenvalues of Equations (1°7) and (2°7),
respectively, and are usually obtained via iterative methods

operating in multigroup code calculations.

E-2
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The same procedure used to transform Equation (2') into
Equation (2'') can be adopted to reduce the prompt neutron
time behavior problem to a static problem. 1In fact, if the
condition ¢ = ad . is imposed in Equation (2'), one obtains

) i1 i _ (j»1)
DiAwi + (Za °‘<q>+zr)wi zj Ly wj

J
which has the same formalism of Equation (2''), only with a

= xi(l-s)'Zjv 2y (3)

modified absorption given by
ple sl R (4)
i
and kp set equal to unity.

Thus, the static problem can be solved as usual and the value
of a is derived as the fundamental eigenvalue of Equation (3).%*
A typical calculation procedure can be summarized as follows:
a) The static problem (determination of k) is solved and the
converged fluxes are saved. This is made for critical
and subcritical configurations obtained by inserting rods
or by increasing the axial buckling.

b) The modified static problem (determination of o) is now
solved by using the converged fluxes of Case (a) as
starting values. Few iterations are needed for converging
to k_ =1 in critical and slightly subcritical assemblies;
a greater number of iterations are required for more sub-
critical systems. This is due to the different physical
meaning of the flux distribution in the calculation of k
and o. This is also the reason why two different symbols,
viz, ¢4 and vy have been adopted in Equations (2°7) and

(3) respectively.

* FEquation (3) has been obtained via a simplified heuristic
procedure. However, the same equation can be obtained via
a rigorous treatment.
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In the first problem the flux profile is essentially the delayed
neutron space distribution while in the second problem the
prompt neutron distribution is obtained. The two profiles,
rather differently shaped if the reactor is nonuniform, tend to
be as much different as the degree of subcriticality involved.
The wide discrepancy between the two flux shapes further clari-
fies the approach to the problem of calculating o, since it

obviously excludes any perturbation-theory implication.

Results of calculations made for water reflected and

moderated regular enriched UO2 and UOZ—PuO2

that while delayed neutrons (i.e., the actual power distribu-

systems clearly show

tion) have the expected flux shape with pronounced peaks in the
core and less accentuated peaks in the reflector, prompt neutrons
have a rather damped distribution in the core and an extremely

peaked profile in the reflector.

These phenomena are physically explicable looking at prompt
and delayed neutron lifetimes in the different zones, in fact,
while delayed neutrons live longer in the core than the
reflector, the opposite occurs for prompt neutrons; a major
fraction of the delayed neutron population is in the core and
a major part of prompt neutron population is in the reflector

at any instant of reactor life.

As a final point, one might inquire about the subcriticality
limit beyond which o« cannot either be calculated or observed.
It must be recalled that, for reflected systems, a time-decay
eigenvalue exists which is related to neutrons spending their
entire lifetime in the reflector. 1Its value is approximately
given (here the core-reflector reactivity coupling effect is
neglected and the dependence of the reflector eigenvalue on

reactivity is regarded as secondary effect and not discussed) by

Y = (Vth Zath) reflector (5)
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For very subcritical configurations, it may occur that «

becomes larger than y, i.e., that i;h

of Equation (4) gets
negative for the reflector. Since the immediate consequence is
an extremely high flux profile (second eigenfunction) in the
reflector, it comes out that EXTERMINATOR-2 converges to vy

instead of to a. Additional analysis of this problem is needed.

CALCULATION MODEL

Calculations of k (static problem) and o« (modified static
problem) were executed via EXTERMINATOR-2. This code allows
o to be calculated as a proportionality factor which multiplies
the poison cross sections l/Vi of each energy group. According
to the code nomenclature, o is used as 'drive factor' of the
eigenvalue problem which yields a value kp = 1.

The parameters 1/v. have been calculated by adopting the

i
same averaging procedure(26)

1 _j‘
<—> =
V.
1

E

i
used for I, 1.e.,

El El

2 2
. ch(E)dE/L_ ¢ (E) dE (6)
1

i
1 1
where Ei and E% are the lower and upper boundary of the ith

energy group. If a 1/E energy distribution is assumed for the
fast groups, Equation (6) becomes

2VE
<=—> = o 1 1 (67)

v VoAU ~A§§ -N/Eg-

where EO = 0.0253 eV, v, = 2200 m/sec and Au.1 is the lethargy

of the group i. For the thermal groups, <1/Vi> can be cal-
culated as an absorption cross section of a 1/v poison, whose
value is normalized to l/vO at the conventional energy Eo'
Thus, we obtain;
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<‘1’—'> = \1J (6°7)

Several checks of the sensitivity of o on core and reflector
parameters have been made, with special focus on the values of
1/Vi' These quantities have been arbitrarily changed for some
or all the energy groups of the core and of the reflector and
the values of o derived. Results are given in Tables E-I and
E-II. A major influence of the 1/vi of Groups 4 and 5 in both
core and reflector is noticeable in the corresponding values
of ao. The reference core is Configuration D, described in

Figure 9 on page 20.

TABLE E-I. Sensitivity of o on 1/v. in a 5-Group Model Calcu-
lation (variations on l}vi are always equal to
-10% and are related to the group quoted in the
table.)

Groups Varied

Core l/vi Reflector l/vi “ /o (Standard)
Standard Standard 102.5 1.000
1,2,3 Standard 103.9 1.014
1,2,3 4,5 109.0 1.063
Standard 1,2,3,4,5 109.2 1.065

TABLE E-II. Sensitivity of o on 1/v, in a 4-Group Model Calcu-

lation (variations on 1/vj are always equal to
-10% and related to the group quoted in the table.)

Groups Varied

Core 1/vi Reflector 1/vi o o/a(Standard)
Standard Standard 104.1 1.000
Standard 1,2,3,4 (water 106.0 1.018

gap only)
Standard 1,2,3,4 107.3 1.031
1,2,3,4 Standard 110.1 1.058
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PHYSICAL MEANING AND ROLE OF THE ROSSI-ALPHA

A comparison between Equations (2°°) and (3) leads to an
immediate interpretation of the term a/Vi as the amount of
poison which must be subtracted from the reactor to make it
prompt-critical. The poison is considered as uniformly dis-

tributed in the whole system and is characterized by a 1/v
CTOSS section.(27’28)

Since a uniform poisoning experiment cannot be realized
in practice, the theory-experiment check-up is actually based
on comparing the time-decay constant o measured via a dynamic
method, e.g., pulsed neutron or reactor-noise analysis tech-
niques, with an absorption cross section a/vi computed via a
modified static calculation. Obviously the final comparison is

only possible if the value of l/vi is assumed as a priori
known.

It is worthy to note that theory-experiment comparisons
of this type are extendable to highly subcritical systems
unlike all other reactivity-based procedures.

Practically, the parameter o is at least as much expres-
sive as k only with the difference that k is unity for all kinds
of critical reactors, while a. is not (but it expresses some
reactor characteristics very well). On the other hand, «
is experimentally observable, while k is not. A set of experi-
ments based on a does not necessarily need a critical experi-
ment, while one based on k consists only in a critical
experiment.

One of the most discussed subjects in this specific field
is that of the o versus reactivity relationship. According

to the definition of o in the one-point monoenergetic diffusion
theory model, one obtains
1-k

«m —P =283 -2 a (7)
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where R is the reactivity, A the generation time and $ the
reactivity in dollar units. The linear o versus § behavior has
been confirmed by a number of experiments, but evidence has also
been observed of a breakdown of this relationship, prevalent

for subcritical experiments in reflected systems.

Although the methods suggested here, i.e., measuring o and
ignoring k, bypasses the question (in fact the troublesome con-
cept of reactivity has never been introduced), an investigation
on the subject has been made by some subcritical configurations

and calculating both o and k for each of them.

Subcriticality has been obtained by different ways, i.e.,
by incrementing the axial buckling of a critical radial size
reactor or by inserting thicker and thicker rods. The former
approach has been adopted for calculations in UO2 cores; (Con-
figuration A has been chosen as reference core) results are
shown in Table E-III.

TABLE E~IITI. Values of o and k Calculated for Different Sub-
critical Clean Cores (Configuration A is
reference case)

2

AEiaL $, Linearly Extrapolated Calculated Deviation
cm™ 2 K Dollars a, sec™1l a, sec-l % ’
0.00089 1.00000 0.00 163.9(ac) 163.9 -
0.00219 0.95942 -5.54 1072 1019 -4.9
0.00349 0.92116 -11.20 2000 1806 -9.7
0.00479 0.885&8 -16.98 2947 2520 -14.5
0.00609 0.85124 -22.87 3912 3163 -19.1

The linearly extrapolated value of o was obtained using the
reactivity - alpha relationship, § = (oc - a)fa.. The calculated

value of o is shown to diverge from the reactivity relationship

as the core is made more subcritical.
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CONTROL-ROD STRUCTURE AND CHARACTERISTICS

The details of the boral blade (with and without wings)
are shown in Figure E-1. The test cruciform blade* was con-
structed of stainless steel as were the spacers and the walls
of the flat and cylindrical tubes. The test blade (not to
scale) is shown in Figure E-2 and E-3. The different types of
poison that were loaded into it are seen in Figure E-4 to E-6.
Each wing of the blade in the figures is typical of what all
four wings look like when the blade was loaded with that

poison material.

The dimensions and specifications of the various materials
used in the test cruciform blade are summarized below:

e Round tubes - 0.188 in. outer diameter
35.25 in. long
0.025 in. wall thickness
Material - B4C (16 g/tube)
Hf0, (27.3 g/tube)
13 tubes/wing

¢ TFlat tubes - 0.185 in. thick
1.203 in. wide
35.5 in. long
0.028 in. wall thickness
Material- B4C (148.2 g/tube)
Hf0, (247.0 g/tube)
B4C%-Hf02 mixture (218.8 g/tube)
54.7 g B4C
164.1 g H%OZ

2 tubes/wing

¢ Thin hafnium metal bars - 0.090 in. thick
1.141 in. wide
35.5 in. long
767.7 g/bar average
2 bars/wing

® Thick hafnium metal bars - 0.155 in. thick
1.163 in. wide
35.5 in. long
1330.7 g/bar average
2 bars/wing

* The test cruciform blade and control materials were provided
by the Nuclear Energy Division of the General Electric
Company, San Jose, California
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5-1/4"

B4C (Typical)
0. 168" Thick ™ LiiiL i ol U ]

Aluminum Wall (Typical) 5-1/4"
0.041" Thick 5 l

]

BORAL CONTROL BLADE WITH WING EXTENDERS

Boral Wing (Typical of 4) f
Extender - 1-7/8"

NOTE: \ N _l
Aluminum wall thickness "'1
and B4C thickness same for Y
Wing Extenders as for Blade.

The Biade is 36" long and the N
Wing Extenders are 33" long 2
and both are centered about the e 1 R R AT TNTTOES AT |
fuel when inserted. )

'

9“

FIGURE E-1. BORAL BLADE DETAIL
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<— (. 288" (Typical)

_~ Wall Thickness-0. 04" (Typical)

6_2. 59— e, 75 pe— 2. 59" )

- 2.59"

v

FIGURE E-2. TEST CRUCIFORM BLADE DETAILS
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"Thin" Hafnium Bars

0. 020" - .
}_ Semicircular spacer

ﬂ/ 0.025" Thick x 35. 5" Lowg
s (), 035 x 0. 75 x 35.5"" Spacer
{Typical of Four)

2.330" )
Flat Tubes Hafnium Metal Bars
- >1. 141 x 0. 090 x 35. 5"

Flat Tubes
0.185x 1.203 x 35. 5" 0.030 x 0. 185 x 35. 5" Spacers
0.028" Wall Thickness SS
/\ o« |je————2.370"—» - 0.040"
M) A - N N Q
e———2. 405" —| 0.125" \/
) q Spacers
Round Cylinders "Thick" Hafnium Bars
0.030 x 0.185 x 35. 5" Spacers | Hafnium Metal Bars
B,C and Hf0,, Cylinders / 1163 x0.155x 35.5
2. 44"
0.188" diam x 35.25" Long

0. 025" wall Thickness
(13 Tubes per Wing)

FIGURE E-4., TEST CRUCIFORM BLADE-LOADING DETAILS
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0. 050"

v
”\—f ReaH1,0; "

|, Tiles 0.161 x 1. 180 x 2.350"
(30 per Wing)

0.030 x 0. 185 x 35.5" Spacer

0. 125" i
Spacer ~—

D,

*Rare Earth Pyrohafnate
See Text of Appendix E
For Composition

\—/

FIGURE E-5. TEST CRUCIFORM BLADE-LOADING DETAILS (CONTINUED)
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® Rare earth pyrohafnate tiles- 0.161 in. thick
1.180 in. wide
2,350 in. long
Material-ReHf,04

Re = 60% dysprosium,
20% helmium,
20% erbium

1682.1 g/30 tiles average
30 tiles/wing
The specifications for the boral blade are summarized below:
¢ Details of blade are shown in Figure E-1
® (Core material, 0.168 in. thick; Aluminum skin, 0.041 in.
thick
e (Core material is B,C grit particles (20 to 200 mesh)
dispersed in 1100 Aluminum
® The effective density of the core material is 2.484
+ 0.002 g/cm’

¢ (Core material is (34.9 * 0.2) wt% B,C and (65.1 + 0.2)

4
wt% Aluminum.

EXPERIMENTAL PROCEDURE, DATA REDUCTION AND MEASURING APPARATUS

The counting chain was of the ordinary type often used for
monitoring and routine measurements in nuclear reactors. The
only new elements were the location of the neutron detector,
the adoption of a preselecting device for spotting the presence
of spontaneous bursts of a desired minimum amplitude and the

use of a multichannel scaler.

Two types of BFS proportional counters were used: their
thermal neutron sensitivities were 7 cps/nv for critical and
slightly subcritical systems and 45 cps/nv for more subcritical
assemblies. They were always placed in an effective location,
i.e. near the peak of the flux profile. Since the top-peak
was in the water reflector for all systems, the preferential

detector placement could be achieved with no need of special
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in-core equipment. A digital preselector was adopted; a
modification of a gated-scaler. The output coming from the
counting chain was sampled during adjustable time increments
(Usually smaller than or equal to the multiscaler channel
width) and reset to zero at the end of each sampling. Since
the mean counting rate could be separately obtained, the pre-
selector could be set at the desired amplitude of positive
fluctuations above the mean level. Its operation was that of
triggering the multichannel scaler when the selected number of
counts was obtained during the sampling interval. Upon
triggering of the multichannel scaler, data was collected in
the individual channels from initial triggering to the end of
the sweep. The sweep duration was prefixed in terms of a
selected number of channels. The operation was repeated a
total of N sweeps (generally 104 times) to improve the measure-
ment statistical significance and reach the desired precision.
A delay line was used before feeding counts into the data
register, in order to observe the rise as well as the decay

of spontaneous bursts.

The data ensemble {n(At)} was printed out and went through
a three-stage treatment before being reduced to give the
desired value of a. The raw data were elaborated according
to the formula

n(At)

n*(at) = 1 - /At

where 1t is the memory-storage cycle-time, i.e., the dead time
for channel advance and At is the channel width. For the
equipment used, 1t was equal to 34 microsec. Then, data had
to be corrected because of the neutron counting chain dead
time 6. The dead time formula was applied, i.e.,

n*(At)
1 - n*(at)s6

Nat

n“(at) =
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The ensemble {n”“(At)} is then fed into the program LEARN, whose
fitting techniques are based upon second order Taylor expansion
of the mean square misfit and utilize the standard minimization
formulae to obtain convergence. Its output gave the best values
of background and exponential amplitude and decay constant

together with their standard deviations.

A block diagram of the measuring apparatus is given in
Figure E-7. The single blocks of the system correspond to the

following symbolism and purposes:

(DT) BF3 proportional counter, Reuter-Stokes models
RSN-7A or RSN-45A

(PA) Preamplifier, Canberra Instruments, Model 1410

(A) Amplifier, Canberra Instruments, Model 1416

(Dj Discriminator, Canberra Instruments, Model 1430

(Sl, SZ’ SS) Scalers, RIDL Model 49-43 (6 decades) gated by

timers RIDL Model 54-8

(PSl) Preselector of the number of multiscaler channels
to be swept (2 decades)

(PSZ) Preselector of counting bursts (two decades,
i.e. millisec and decimal fraction, for the
sampling time interval, two decades for the
number of counts in the sampling interval; a
dial for the desired number of counts)

(0) Timer, Wavetek Model 111

(MCS) Multichannel time analyzer, Nuclear Data
Model 180, used in multiscaler mode.

(DL) Magnetostrictive delay line, Anderson,

8.5 millisec (constant delay)

Simply speaking, the measuring circuit selected neutron
counting bursts of a desired minimum amplitude and analyzed their
die-away on a suitable time basis. The pulses coming out from
the DT-PA-A-D counting chain are fed into the preselector. If

E-18
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the number of pulses arriving in a given time interval, 1i.e.,
the sampling interval of the burst monitor, equals or exceed a
preset value then a pulse is generated by PS2 which triggers

the multichannel scaler, i.e., makes it start the data collection.

The advance-channel function is triggered by the external
frequency generator O and is stopped and reset as soon as the
number of channels preset by PS1 has been reached. A memory-
storage cycle-time must be taken into account for every channel
advancement since the first section of every channel will not

accept counts, as it is gated during channel advance.

A delay line (DL) was used to allow the prehistory of the

triggering burst to be observed.

Scalers (S) were connected at various points of the circuit
in order to check the long-time-averaged counting rate (Sl), the
stability of the channel dwell time generator (Sz) and to count

the number of burst analysed i.e. number of sweeps (83).

Typical run-durations range from 1 hr for critical and
near-critical measurements to 2 1/2 hr for far-subcritical

measurements.

E-20
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APPENDIX F

CROSS SECTIONS
P. Loizzo

When 5 energy groups cross sections are given for
Standard RIBOT, the ¢ and D of the first three groups are

the same as in the 4 group set; Zi scatters 68% in Group 4 and

32% in Group 5; Zi scatters to Group 5 and Zi scatters to

Group 4 (up scattering).

When Moderator Homogenized (M.H.) cross sections are
given, both for 4 and 5 groups, the fast groups cross sections

are identical to the corresponding Standard RIBOT cross sections.

24

UO,-2 wt$ Puo, (8% Opu) CROSS SECTIONS

Set 1 (Standard RIBOT 20 °C, pg,0 = 1.0000 g/cm’)

4G
Group D Ly La vig Le <1/v>
1 1.64181 0.062688 0.002228 0.004419 0.001661 7.304 10_10
2 0.84766 0.171036 0.0 0.0 0.0 4,589 10_9
3 0.71117 0.086300 0.034048 0.016406 0.005911 1.992 10-7
4 0.23106 - 0.162801 0.273316 0.096918 3.215 10-6
5G
4 0.40164 0.477618 0.198818 0.328539 0.114167 1.2065 10_6 "

5 0.19574 0.005447 0.155343 0.261881 0.93347 3.6309 10_6

Set 11 (Same as Set 1 except Group 3 constants decreased by 10%)

Group .
3 0.71117 0.07767 0.030643 0.014765 0.005320
Set 12 (HTH-ZSQPu in thermal zone: Leonard-Westcott library)
Group D Zr(g+g+1) Zr(g+g+2) a vig bg
1 1.726504 0.063747 0.001752 0.003094 0.006145 0.002666
2 0.851609 0.162317 0.000019 0.003927 0.001064 0.000389
3 0.611620 0.069757 — 0.028104 0.014369 0.005291
4 0.321300 — - 0.145970 0.242300 0.086759
Set 13 (HTH—239Pu in thermal zone: Schmidt's KFK 120 Library)
Group
4 0.324800 _ _ 0.144540 0.243510 0.086527
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Set 14 (THERMOS/BATTELLE-HRG, Leonard-Westcott for 239Pu)

D Er(g+g+1) Er(g+g+2) L, vIg Ie
1.35093 0.048647 0.000014 0.003360 0.004706 0.001717
0.67861 0.060344 0.023498 0.025290 0.012373 0.004493
0.68340 0.426885 - 0.044389 0.018218 0.006657
0.22221 - - 0.146520 0.24410 0.087390
(RIBOT M.H.)

D Ly La Vig Lt
0.26353 — 0.143577 0.241043 0.085475
0.46449 0.412992 0.171916 0.284084 0.098719
0.22101 0.004825 0.137580 0.231935 0.082672

(Standard RIBOT, pHZO = 0.8067 g/cm3)

D Zr Za \)Zf Zf
1.78320 0.052677 0.002228 0.004419 0.001661
0.94466 0.138335 0.0 0.0 0.0
0.81727 0.069899 0.033276 0.016259 0.005860
0.28266 - 0.161244 0.27369 0.096962
0.46148 0.378157 0.193075 0.320055 0.111236
0.23790 0.004784 0.153275 0.262085 0.093388

(Standard RIBOT oy, = 0.9306 g/cm’)

D ZI‘ Za \)Zf Zf
1.68775 0.059508 0.002228 0.004419 0.001661
0.876243 0.160648 - - —

0.741758 0.081090 0.033828 0.016365 0.005897
0.245481 - 0.162366 0.273583 0.096987
0.418852 0.445797 0.197249 0.326279 0.113386
0.207510 0.005242 0.154726 0.262041 0.093395
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D T a VEf f
1.72971  0.056453 0.002228 0.004419 0.001661
0.905583 0.150666 - - -~
0.773736 0.076084 0.033595  0.016320 0.005881
0.260957 - 0.161904  0.273727 0.097011
0.436874 0.415417 0.195529  0.323747 0.112512
0.220147 0.005040 0.154104 0.262123 0.093415
(Standard RIBOT pyy o = 0.7543 g/cm)

D ):I' Za \)Zf Zf
1.729710 0.056453 0.002228 0.004419 0.001661
0.905583 0.150666 - - _
0.773736 0.076084 0.033595  0.016320 0.005881
0.260957 - 0.161904  0.273727 0.097011
0.436874 0.415417 0.195529  0.323747 0.112512
0.220147 0.005040 0.154104  0.262123 0.093415

H,O0 (20 °C, o

2

1 g/cm®) CROSS SECTTONS

(Standard RIBOT)

L

D T a <1/\)>
1.97115  0.093330 0.0 7.304 10
0.88558  0.304850 0.0 4.589 10
0.58765 0.152900 0.0013 1.992 10
0.13950 - 0.0197 4.025 10
0.39850  0.7954 0.00614 1.255 10
0.13260  0.0040 0.001964  4.025 10
(HRG-THERMOS/BATTELLE

D t.(grg+l) 1 (grg+2) Za
1.58758  0.074081 0.000021  0.000252
0.60085 0.124025 0.049012  0.000575
0.58082  0.780099 - 0.003175
0.11997 - - 0.019135
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U0,-2.35 wt$ 235 CROSS SECTION

Set 3 (Standard RIBOT, 20 °C, sy = 1.0000 g/cn’)

46
Group D Lr La vIg Le <1/v>
1 1.74900 0.068340 0.001643 0.003258 0.001225 7.304 10 °
2 0.88451  0.198597 0.0 0.0 0.0 4.589 107°
3 0.70921  0.099906 0.020708 0.009530 0.003890 1.992 10’
4 0.21944 - 0.079590  0.118933 0.048544 3,515 10°°
56
4 0.50268 0.523819 0.028764 0.041886 0.017096 1.244 10°°
5  0.18553  0.004647 0.085675 0.128157 0.052309 3.786 10 °

Set 31 (HTH)

Group D Zr(g»g+l) Zr(g+g+2) a vzf i
1 1.73443 0.069931 0.001991 0.002238 0.004243 0.001524
2 0.86029 0.189606 0.0 0.002804 0.000730 0.000300
3 0.59892 0.082294 - 0.020803 0.11188 0.004604
4 0.29818 — — 0.074995 0.110680 0.045547
Set 32 (THERMOS/BATTELLE-HRG)
Group D Er(g»g+l) Er(g+g+2) La Vig e
1 1.45497 0.054199 0.000015 0.002483 0.003396 0.001267
2 0.68912 0.074619 0.029219 0.019584 0.007912 0.003256
3 0.69201 0.511392 - 0.011901 0.013193 0.005429
4 0.18937 - - 0.075658 0.111400 0.045843
Set 33 (Standard RIBOT PH.O = 0.8330 g/cms)
2
4G
Group D Ly a Vig be
1 1.91202 0.058305 0.001643 0.003258 0.001225
2 0.99096 0.165815 0.0 0.0 0.0
3 0,81498 0.0083464 0.020356 0.009499 0.003877
4 0.26522 - 0.76480 0.117284 0.047871
5G

4 0.58260 0.435885 0.028052 0.041822 0.001707
0.22114 0.004136 0.083205 0.127763 0.052148
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Set 34

46
Group

Set 35
Group

4G

s W -

Set 36
Group

4G

S NN

(T2 =

Set 37

Group
4G

"BNWL-1379

_ 3
(RIBOT M. H. oy o = 1.0000 g/cm”)

D Iy Iy vig Ie
0.22993 — 0.075154 0.112304 0.045838
0.51325 0.513034 0.028172 0.041023 0.016744
0.019730 0.004370 0.080566 0.120515 0.049190
(Standard RIBOT, DHZO = 0.9676 g/cms)

D Ly La Vig Zf
1.798220 0.065163 0.001643 0.003259 0.001225
0.915650 0.188218 - — —
0.739595 0.094701 0.020607 0.009521 0.003886
0.232225 - 0.078651 0.118500 0.048367
0.525514 0.495952 0.028541 0.041870 0.017090
0.195537 0.004486 0.084920 0.127968 0.052280
(Standard RIBOT, py o = 0.8953 g/cm’)

D Ly La Vig e
1.84965 0.061986 0.001643 0.003258 0.001225
0.949062 0.177840 - - —
0.772703 0.089496 0.020497 0.009512 0.003882
0.24649 - 0.077673 0.117990 0.048159
0.550507 0.468111 0.028316 0.041870 0.017082
0.206645 0.004325 0.084920 0.128086 0.052252
(Standard RIBOT,pHZO=0.7903 g/cms)

D Zr La vig Zf
1.95901 0.055639 0.001643 0.003258 0.001225
1.02369 0.157104 — - —
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Group D Zr Za vzf Zf

0.848608 0.079095 0.020243 0.009490 0.003873
0.280532 - 0.075569 0.116683 0.047626

4 0.608267 0,412562 0.027858 0.041798 0.017060
0.232942 0.003998 0.082497 0.127558 0.052064

UOZ-4 wth PuO2 CROSS SECTIONS

Set 4 (Standard RIBOT)

46
Group D Iy I, vIg e
1 1.65356 0.062598 0.002103 0.004172 0.001568
2 0.85123 0.171217 0.0 0.0 0.0
3 0.71352 0.086389 0.044070 0.025366 0.008938
4 0.22447 — 0.220917 0.379287 0.132513
5G

4 0.36911 0.492433 0.263655 0,436788 0.151073
5 0.18690 0.006297 0.209815 0.364349 0.127691

Set 41 (THERMOS/BATTELLE-HRG)

Group D Zr(g+g+1) Zr(g+g+2) Za sz Zf
1 1.36314 0.048770 0.000014 0.003409 0.005097 0.001843
2 0.67774 0.059774 0.023302 0.028494 0.018645 0.006605
3 0.67352 0.042402 - 0.077155 0.025625 0.009166
4 0.21493 - - 0.189630 0.321320 0.113470
UOZ-Q wt% PuO2 CROSS SECTIONS
Set 5 (Standard RIBOT)
46
Group 5
D Zr . Za vZf f
1 1.64697 0.062874 0.002249 0.004460 0.001676
2 0.84792 0.171859 0.0 0.0 0.0
3 0.71028 0.086709 0.027020 0.007019 0.002503
4 0.23352 - 0.091732 0.131733 0.046974
5G

4 0.45321 0.464505 0.112508 0.178659 0.061951
5 0.20465 0.004182 0.089001 0.125566 0.044440
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Set 51 (THERMOS/BATTELLE-HRG)

Group

1
2
3
4

BNWL-1379

(g~g+1)

D oy Zr(g+g+2) 2, vxf Le
1.35433 0.049238 0.000014 0.003106 0.004088 0.001501
0.67971 0.062738 0.024441 0.021074 0.005477 0.001963
0.68850 0.436114 — 0.028661 0.007483 0.002706
0.22306 — - 0.086449 0.123050 0.043815

240

U0,-2 wt% Pu0, (24%

Pu) CROSS SECTIONS

Set 6 (Standard RIBOT)

46

Group

=~ N o

46

D Ly za vzf zf
1.64547 0.062688 0.002229 0.004420 0.001661
0.84765 0.171036 0.0 0.0 0.0
0.71116 0.086300 0.036321 0.014780 0.005333
0.23325 —_ 0.149100 0.239169 0.085035
0.41489 0.472829 0.175135 0.283453 0.098516
0.19749 0.005250 0.143974 0.230450 0.082381
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APPENDIX G
MISCELLANEOUS CALCULATIONS

WATER DENSITY IN THE VOIDED ELEMENTS

The voids were simulated in a basic 9 x 9 element by
inserting aluminum thimbles in the interstices between the
fuel rods. The OD of the aluminum tubes was 5/16 in. and the
tubes wall thickness was 0.020 in. It was assumed in the cal-
culations that the aluminum was the same as a void. Therefore,

we have the following results.

Water Density in the Voided Elements

' UO,-PuO, Element, UO; Ele?ent,

g/cm3 ~g/cm
Corner rods (4) - 1/4 aluminum tube 0.9386 | 0.9476
Side rods (28) - 1/2 aluminum tube 0.8796 0.8953
Center rods (49) - 1 aluminum tube 0.7543 0.7903
Element weighted average 0.8067 g/Cm3 0.8345 g/cm3

CALCULATIONS OF B_..*

Two sets of MUFT-IV calculations were made, one assuming
the source neutrons had a fission spectrum and the second
assuming that the neutrons were born in Group 12 (498 keV
<E> 638). Using the appropriate thermal constants (from
RIBOT) and the same value for B2 in the two corresponding
MUFT-1IV sets, for each configuration a multiplication factor
was found for both prompt and delayed neutrons. Then,

keff (delayed)

Beff = Bcore Reff (prompt)

* M. Michelini of CNEN-Casaccia (Rome) performed the Bfo
calculations.
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Beore WaS calculated in RIBOT as the weighted average of the B
on the fissions from the various nuclides. 1In Table G-1 are
shown the results, in different conditions, for the U02—2.35%
235U the UOZ—Z wt$ Pu02(8% 24OPu) cores.
TABLE G-1l. Summary of Baff Calculation
Core Bz(m_z) Case Yeff Peff x 103 Notes
UO,-2 wt% PuO,  93.4 Prompt 1.032 3.74 Minimum
(8% 240py) Delayed 1.176 Critical
83 Prompt 1.019 3.62 Critical
Delayed 1.148 with Fods
v0,-2.35% “>°u 85 Prompt 1.0106  7.64 Minimum
Delayed 1.152 Critical
75 Prompt 1.007 7.47 Critical
Delayed 1.123 with Rods

CALCULATIONS OF THE TRANSPARENCIES OF POISON BLADES

Given a purely absorbing slab of thickness t, the extrapo-
lation length, in the Py approximation, is given by:
1 +3 E4 (t za)

d = 2.13D
1 -2 E3 (t Za)
_on-1f &Y
where En(x) = X J[ - dy
x Y

D is the diffusion coefficient of the outside medium

L, is the absorption cross section in the slab

D 1 -2 E3 (t za)
Hence, C = I° 713 T+3 E4 T Za)] (D

In the Hurwitz and Roe's formulation one assumes:

av]
|

= 2 E3 (t Ea)

and C= oty 122 M BTy (2)
2.13 T+P ~ (Z2.13)[I+2 E; (t z_)]

G-2
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Equations (1) and (2) give a difference in C which amounts to
a few percent. Therefore (2) was preferred because it is
simpler than (1). 1In all the energy groups, the following
equation was used:

P, =fp (E) ¢ (E) dE/f¢(E) dE = mll—gfp(u) du

where u is the neutron lethargy.

. 1P
Cg = 77T§<IIF§

0.3734 cm

Boral rod: active thickness = 0.147 in. =
Density of B4C (assumed) = 2.34_g/cm3 (94% TD)
oa 1/u
t x £ = 29.3 Therefore P4 = P5 = Pth = 0; C4 = C5 = Cth
= 0.4695
in the fast region Pi = K%T'j.ES (za t) du (see Table G-2)
i

0.3937 cm, o+ = 13.3 g/cm>

Hafnium rod: thickness = 0.155 in.

2 2 o

t x Hf = 1.767 10 “ atoms/cm‘; I, t = 1.855

An HRG calculation was made to find the values of Za in each

0.5 lethargy group. The integration was done by hand (see
Table G-2).

Hafnium

Thermal Zone

Group tI, C

0.44 0.181
1.51 0.375
th. 1.37 0.358



TABLE G-2.

Calculations of Poison Blade
in the Fast Groups

Fast Zone

BNWL-1379

"Reflectance"

MUET HRG “Boron Rod Hafnium Rod
Group Group t P it P
54 66 5.7 0 0.42 0.50
53 65 4.9 0 3.53 0.01
52 64 4.3 0 3.53 0.01
51 63 3.8 0.01 0.29 0.65
50 62 3.3 0.01 2.37 0.04
49 61 2.9 0.02 2.66 0.04
48 60 2.6 0.03 0.20 0.70
47 59 2.3 0.05 0.79 0.28
46 58 2.0 0.06 1.08 0.20
45 57 1.8 0.08 3.0 0.02
44 56 1.6 0.10 1.62 0.10
43 55 1.4 0.13 0.53 0.42
42 54 1.23 0.16 0.28 0.65
41 53 1.08 0.20 0.28 0.64
40 52 0.95 0.23 0.36 0.55
39 51 0.84 0.27 0.43 0.49
38 50 0.75 0.30 0.36 0.55
37 49 0.66 0.34 0.54 0.42
36 48 0.58 0.39 0.41 0.51
35 47 0.51 0.44 0.26 0.64
34 46 0.45 0.48 0.28 0.65
33 45 0.40 0.52 0.23 0.67
32 43-4 0.33 0.58 0.18 0.72
31 41-2 0.26 0.64 0.13 0.80
30 39-40 0.20 0.70 0.08 0.88
29 37-8 0.16 0.75 0.06 0.90
28 35-6 0.12 0.81 0.04 0.92
27 33-4 0.09 0.84 0.04 0.92
26 31-2 0.07 0.87 0.04 0.92
25 29-30 0.06 0.89 0.04 0.92
24 27-8 0.04 0.92 0 1.
23 25-6 0.04 0.93 0 1.
22 23-4 0.03 0.95
21 21-2 0.03 0.96
20 20 0.02 0.97
P 0.391 0.574
C 0.205 0.127
P 0.945 0.989
C 0.013 0.003
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