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CORE A CRITICAL STUDIES FOR THE
ENRICO FERMI ATOMIC POWER PLANT
ON ZPR-III

by

C. E. Branyan

ABSTRACT

A critical studies program for the Enrico Fermi
Atomic Power Plant was run with the ZPR-III fast critical
facility by the Idaho Division of Argonne National Laboratory
at the National Reactor Testing Station in Idaho.

The objectives of this program included determina-
tion of the uranium enrichment required for criticality, the
effect of minor variations in core and blanket composition,
reactivity coefficients, control and safety rod character-
istics, power distribution, spectral indices, and the reac-
tivity worth and wave shape of the oscillator rod.

The experimental program was separated into two
phases. The first phase involved investigations of a clean
assembly, which was a simplified and homogenized core and
blanket geometry constructed for ease of experimental ma-
nipulation and analysis. The second phase involved experi-
ments on the engineered, or "as-designed,” core. This
assembly included such engineering details as control and
safety rod channels, core end gaps, and a precise recon-
struction of the core outline. This provided detailed infor-
mation on worths of control rods and fuel subassemblies,
power distribution, and the effect of variations in core and
end-gap dimensions.

The application of critical experiment data to the
determination of the Enrico Fermi reactor characteristics
has established the U?*® enrichment for the fuel alloy, worths
of fuel subassemblies, and the B'® enrichment for the con-
trol and safety rods. In addition, material-substitution ex-
periments and fuel-worth measurements have provided the
parametric data for the determination of the net temperature
coefficient of the Enrico Fermi reactor.
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I. INTRODUCTION

The Enrico Fermi Atomic Power Plant is a sodium-cooled fast
breeder reactor with intermediate sodium loops, sodium-to-water steam
generators, and an associated steam-driven turbine-generator. The re-
actor and steam-generating portions of the plant have been designed by
the Atomic Power Development Associates, Inc., (APDA) and are owned
and operated by the Power Reactor Development Company. The Enrico
Fermi Atomic Power Plant is located at L.agoona Beach on Lake Erie,
approximately 30 miles southwest of Detroit near Monroe, Michigan.
Steam produced will be purchased by The Detroit Edison Company for the
production of electricity in the adjacent Detroit Edison turbine-generator
facility for distribution in the southeastern area of Michigan.

A contract, effective January 1, 1957, between the Power Reactor
Development Company and the U.S. Atomic Energy Commission, 1) in-
cluded provisions for a critical experimental program for the Enrico
Fermi reactor to be carried out by the Atomic Energy Commission. This
program was conducted with Zero Power Reactor (ZPR -1I1}, Argonne National
Laboratory's fast critical facility, located at the National Reactor Testing
Station in Idaho. During the course of the experimental work, two APDA
personnel were assigned to the ZPR-III facility. This report covers the
work done in this program.

II. DESCRIPTION OF THE ENRICO FERMI REACTOR (2:3)

The reactor portion of the Enrico Fermi Atomic Power Plant is a
sodium-cooled fast breeder reactor containing U?*®-enriched uranium in
10 w/o molybdenum alloy fuel pins in subassemblies having a square
cross section. The core subassemblies have an upper and lower reflector
section of depleted uranium-molybdenum alloy. Additional reflector sub-
assemblies of depleted uranium-molybdenum surround the core radially
to produce a fully reflected core. These reflector regions are commonly
referred to as the axial and radial blankets. A perspective view of the
reactor and associated control and fuel-handling mechanisms is shown in
Fig. 1. The core and blanket subassemblies are spaced on matrices of
2.693-in.-square cross section, so that the whole approximates a right
circular cylinder, 79 in. in diameter and 69 in. high. The core, containing
the enriched fuel alloy, approximates a right circular cylinder 30.5 in. in
diameter and 30.5 in. high.

The reactor components are shown diagrammatically in Fig. 2.
The core region consists of the central fuel portion of 91 subassemblies
plus 10 control-element channels. The fuel is in the form of partially
enriched uranium-molybdenum alloy pins, 0.148 in. in diameter and
30.95 in. long, clad by co-extrusion with 0.005 in. of zirconium to produce

13
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a pin OD of 0.158 in. The fuel pins are arranged in the subassembly on a
0.199-in.-square matrix. Since both ends of the fuel alloy within the pin
are swaged to a tapered point over a %—in. length at either end, an average
uniform length of 30.50 in. has been assumed for the purposes of the ex-
perimental program. The axial blanket portions of the 91 core subassem-
blies and the remaining 548 radial blanket subassemblies consist of
stainless steel-clad, depleted uranium-molybdenum alloy in the form of
0.443-in.-OD cylindrical rods on a 0.483-in.-square matrix. Plutonium is
produced in both the core and blanket. Figure 3 is a cross section of the
reactor showing the arrangement of the core and blanket subassemblies

and the control element channels.

Boron carbide poison rods in the core provide both regulating and
safety control. Regulation is accomplished by two boron carbide rods
located near the radial center of the reactor operating over a limited
vertical stroke from core center to core edge. Eight safety, or shutdown,
boron carbide rods are situated at about half-radius of the core and are
fully withdrawn to a point above the upper axial blanket during reactor
operation. Rapid shutdown is accomplished by dropping the eight safety
rods into the core with an initial spring-assisted acceleration.
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Fig. 3. Fermi Reactor Cross Section

1II. DESCRIPTION OF ZPR-IIi{4,5:6)

The ZPR-III is a fast critical reactor facility constructed and
operated by Argonne National Laboratory for the U.S. Atomic Energy
Commission at the National Reactor Testing Station in Idaho. The ZPR-III
machine is built in two halves, one of which is movable. Each half con-
sists of 961 square tubes, each 2.18 in. on a side and 33 in. long. These
tubes are stacked in an array 31 rows high and 31 columns wide to form a
square matrix approximately 67 by 67 in., constrained in position by
means of I-beam clamps fastened to the platforms. The matrix tubes
commonly used are made of stainless steel, but an alternative aluminum
set may be substituted. The stainless steel matrix tube array was used
throughout the critical experimental program for the Enrico Fermi re-
actor. The movable half of the machine allows the critical assembly to
be separated as a safety measure and for convenience in loading and un-
loading. Figure 4 shows these features of the machine.



Fig. 4

ZPR-1II Critical
Assembly Machine

Drawers containing any combination of fissionable, structural, and
simulated or canned coolant materials may be inserted into the matrix
tubes, thus building a configuration of the desired shape and composition.
The drawers themselves are made of aluminum or stainless steel, per-
forated to reduce density A drawer loaded with typical materials 1s

shown in F1g. 5 A l6-finger steel leaf spring is inserted at the end of

Fig 5 Photograph of Typical ZPR-III Clean Core
and Back Blanket Drawer Loadings
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each drawer opposite the assembly interface to produce a compact array

of materials; the spring allows for axial expansion in the event of an ex-
treme power transient. Stainless steel drawers used for the Fermi critical
experiments were 21.25 in. long; thus, the T%—in. spring gap was well
removed from the axial ends of the core, which occurred at 15 and 15.51in.
from the assembly interface.

The control and safety mechanisms of the critical assembly con-
sist of 10 stainless steel drawers and drive extensions attached through
magnetic clutches to drive motors. The forward portion of these drawers
is normally filled with core material. The drawers are driven into the
reactor to add reactivity. For rapid shutdown, the magnetic clutches are
released, whereupon the control and safety rods are rapidly forced out of
the reactor by compressed air.

The combinations of materials and shapes which can be assembled
in the machine are extensive. The materials most commonly used are
uranium enriched to the extent of 93.2 per cent U233, depleted uranium con-
taining approximately 0.2 per cent U?*®*, natural uranium, stainless steel
and zirconium to represent the structural materials of fast reactors, full-
and reduced-density aluminum to represent the liquid-metal coolant, and
a limited amount of sodium canned in stainless steel. Limited quantities
of natural and B!%-enriched boron carbide, graphite, and aluminum oxide
are available. Samples of many other elements are also available for re-
activity coefficient measurements. Most of the materials are in the form
of —é——in.—thick plates, 2 in. wide and 1, 2, or 3 in. long. Aluminum is
available with perforations approximately —?’8— in. in diameter, spaced to
reduce the density to 63, 56, or 45 per cent of normal. Arranged in the
drawers, these materials can simulate a wide variety of fast reactor com-
positions. The plates are color-coded and normally are loaded in a drawer
with the 2-in. dimension vertical to facilitate complete identification of the
materials, as shown in Fig. 5.

The neutron instrumentation for the ZPR-III is conventional, al-
though adapted to the low levels of fast-neutron flux involved. Three safety
channels with adjustable power level trips, 2 period channels set to trip
at 15-sec periods, and 2 recording power-level channels without trips all
operate from sensitive ion chambers. Proportional counters, fission
counters, and other instruments are used as required in particular experi-
ments. Two retractable polonium-beryllium neutron sources, one in each
half of the assembly, are used to insure an adequate neutron flux for startup.
Once criticality has been attained, the sources are remotely withdrawn
from the reactor to reduce their contribution to the self-sustaining neutron
population and for accurate reactivity measurements at the low operating
levels involved. After the two halves are loaded manually, the assembly
is driven together remotely from behind a 5-ft concrete wall and the nec-
essary measurements of reactivity, etc., obtained. Operating power levels
of 0.01 to 10 w are normal.



IV. CRITICAL STUDIES PROGRAM FOR
THE ENRICO FERMI REACTOR

A critical studies program for the Enrico Fermi Atomic Power
Plant was developed by the Atomic Power Development Associates, Inc.,
in co-operation with Argonne National Laboratory.(ﬂ This program
served as a basis for the experimental work with ZPR-III. The objectives
of this program were as follows:

1. to obtain the enrichment required for criticality with a fixed
core composition and geometry;

Z. to obtain the reactivity effects of a variety of minor size and
composition variations in core and blanket;

3. to obtain the reactivity coefficients of various materials in the
core and blanket, and to determine the nuclear equivalence
between sodium and the aluminum used as a sodium mockup in
the critical experiments;

4. to obtain a variety of operational data such as: power distribu-
tion, reactivity worths of core versus blanket subassemblies
or sodium, and the total and rotational reactivity worths of a
boron carbide oscillator rod; and

5. to obtain the necessary B!? enrichment and worth character-
istics of the boron carbide control and safety rods having a
fixed composition and geometry.

In addition to the above objectives, a series of "meltdown" con-
figurations was also to be investigated.(g) These experiments were in-
cluded to determine criticality and material worths for various hypothetical
configurations resulting from assumed accident situations in which the
fuel melts and subsequently freezes or otherwise accumulates. This
portion of the experimental program has been covered in a separate
report(g) and analyzed by others.(10,11)

The experimental program was divided into two primary phases.
The first phase involved the construction of a "clean" or homogenized
cylindrical core having the same volume and average composition as the
Enrico Fermi reactor, but with the control and safety rod channel voids
averaged over the entire core region. Also, both the radial and axial
blanket or reflector regions were constructed to have a uniform com-
position corresponding to that of the radial blanket of the Fermi design.
This simplified loading was primarily intended to present a simple, two-
region system to facilitate analysis of the data obtained. Experiments
with the clean core included determination of average density effects on
reactivity for the various core and blanket materials, including zirconium,
molybdenum, stainless steel, sodium, U%?%, and U?*®. These results allowed
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minor reactivity corrections to be applied to the critical mass of the
engineering core to compensate for the unavoidable mass differences be-
tween the engineering critical and the Fermi core design. The density
effect on reactivity of aluminum, utilized as a mockup for sodium, was
also determined. By means of small samples of Pu®?, U5, and B!°-
enriched and natural boron carbide, reactivity coefficients were also
obtained at space points in the core and blanket. Additional experiments
were included to determine the heterogeneity introduced by using %—in.—
thick plates of depleted and highly enriched uranium to simulate the fuel
alloy pins of lower enrichment uranium in the engineering design.

The second phase of the experimental program involved the detailed
assembly of the engineering dimensions and compositions of the core, con-
trol, and safety rod channels, core end gaps, and axial blankets of lower
density. This engineering design loading, together with the results of the
preceding clean-core experiments, provided the data necessary to establish
the final enrichment for the Fermi fuel alloy. The engineering core crit-
ical also provided additional design and operation information, including
B!? enrichment, reactivity, and power distribution effects of the control
and safety rods, the effects of the addition of fuel subassemblies at the
edge of the core, and a measure of the axial expansion coefficient by an
effective lengthening of the core.




V. CLEAN-CORE EXPERIMENTS

A. Description of the Enrico Fermi Reactor Core and Blanket

and 10 control and safety rod channels.

The Enrico Fermi reactor core consists of 91 fuel subassemblies

The inner radial blanket region

contains 48 blanket subassemblies which may be replaced with fuel sub-

assemblies.

The outer radial blanket contains 500 blanket subassemblies

with 24 fuel-storage positions at its outer periphery. The core and blanket
subassemblies are square in cross section and are spaced on a 2.693-in.-
square matrix (see Fig. 3). The geometry is approximately cylindrical,
with an equivalent radius of 15.25 in. for the core and 39.40 in. for the

radial blanket.

7
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Fig. 6.

Regional Dimen-
sions of Fermi
Core A Fuel
Subassembly

The core is 30.95 in. high. The average uniform height
was taken as 30.50 in., the same as that of the fuel pins noted in SectionII.

Fourteen~in.-long upper and lower axial blanket re-
gions are separated from the core by a 3.713-in.
upper axial end gap and a 5.963-in. lower axial end
gap. These axial end gap regions are composed of
end caps, support grids, and sodium plenum regions.
The dimensions of the various regions of the Fermi
fuel subassembly are shown in Fig. 6. The compo-
sitions of these regions are given in Table I. These
compositions are based on the volume defined by the
matrix spacing and thus include the spacing between
subassemblies to provide an average volume per cent
composition. Since the radial blanket composition is
uniform over the entire active length of a blanket
subassembly, the weights of materials involved are
given for a typical one-cm length. A typical control
or safety rod channel with the poison section with-
drawn consists of 14.46 v/o, Type 304 stainless steel
and 85.54 v/o sodium.

B. Description of the Clean Core Assembly

Geometry and Composition. To determine the
average composition in terms of volume per cent for

the clean core mockup of the Fermi reactor in ZPR-III,

the 10 control and safety rods were assumed to be
withdrawn from the core and their channels filled
with sodium. The materials in the 10 sodium-filled

rod channels and the 91 fuel subassembles were then homogenized over

the core volume to obtain average volume fractions.

These average com-

positions for the Fermi reactor are compared in Table II with the average
compositions achieved in the clean and engineering criticals in ZPR~IIL.
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VOLUME PER CENT COMPOSITION AND WEIGHTS OF
ENRICO FERMI REACTOR SUBASSEMBLIES*

Table I

Core Subassembly

Z.one

Upper Axial
Blanket (A)¥*

Total

Uranium
Molybdenum
Sodium

304 Stainless Steel

Grid (B)

Total

304 Stainless Steel
Sodium

Plenum (C)

Total

304 Stainless Steel
Sodium

End Cap (D)

Total

304 Stainless Steel
Zirconium
Sodium

Fuel (E)

Total

Uranium
Molybdenum
Zirconium

304 Stainless Steel
Sodium

Volume

(cm?)

1663.

470.

25.
890.
277.

= O~ W W

89.

39.5
49.7

et

327.9

44 .4
283.5

24.1

3677.1

1025.8
213.0
217.5
486.4

1734.4

Volume

%o

28.

53.
16.

44.
55.

13.
86.

13,

80.

27.

13.
47.

U U W

VO 00 O

3

(82}

o

Density Weight

(g/cm’) (kg)
19.00 8.97
10.20 0.26
7.85 2.21
7.85 0.31
7.85 0.35
7.85 0.03
6.44 0.01
19.00 19.56
10.20 2.17
6.44 1.42
7.85 3.87




Table I (Cont'd.)

Core Subassembly
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Zone

End Cap (F)
Total

Zirconium
304 Stainless Steel
Sodium

Plenum (G)
Total

304 Stainless Steel
Sodium

Grid (H)
Total

304 Stainless Steel
Sodium

Gas (J)
Total

304 Stainless Steel
Gas
Sodium

Sodium (K)

Total

304 Stainless Steel
Sodium

Lower Axial
Blanket (L)

Total

Uranium
Molybdenum

304 Stainless Steel
Sodium

Volume Volume Density
(cm®) % (g/cm®)
108.2

28.2 26.1 6.44
22.8 21.0 7.85
57.2 52.9 -
220.1

35.7 16.2 7.85
184.4 83.8 -
91.6

40.6 44.3 7.85
51.0 55.7 -
183.2

30.6 16.7 7.85
56.7 31.0 -
9.58 52.3 -
122.1

20.4 16.7 7.85
101.7 83.3 -

1709.0

483.2 28.3 19,00
25.9 1.5 10.20
284.7 16.7 7.85
915.1 53.5 -

Weight
(kg)

0.28

0.31

0.24

0.16

8.97
0.26
2.21
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Table I (Cont'd.)

Radial Blanket (Based on l-cm length)

Density

Volume Volume
(cm?) Yo
Total 48.1
Uranium 21.4 44.6
Molybdenum 1.0 2.1
304 Stainless Steel 8.9 18.6
Sodium 16.7 34.7

(g/cm®)

19.00
10.20
7.85

0.40
0.10
0.15

*Compositions are based on unit cell dimensions and thus include
the spacing between subassemblies.

**The letters refer to the notations in Fig. 6.

Table IT

COMPARISON OF DESIGN AND EXPERIMENTAL CORES

Engineering
Enrico Fermi Clean Critical Critical
Reactor ZPR-IT ZPR-II
Core Volume, liters 371.5 378.0 361.3
Core Height, in, 30.95 30.10 30.60
Equivalent Diameter, in. 30.5 31.3 30.5
Cold Critical Mass of U235, kg - 4315 434.4
Total Core Composition violV kgm vio. kg vlom kg(D
235
u 6.09 4315 6.30 434.4
y28 .14 7.5 18.97 13625 19.54 1363.6
Mo 5.2 198.2 5.0 193.9 4.54 170.0
Zr 53 127.0 43 104.9 449 106.3
55 133 388.7 14.3 424.8 13.97 402.7
Na 51.0 -
Al - - 25.1 256.7 23.94 287.0
Blanket Composition (v/o} Radial Axial Radial? Axial Ragial® Axial
235
u 0.1 0.1 0.1 0.06
L8 as 8.3 56 5.6 5.6 283
Mo 2.1 1.5 25 2.5 25
sS 8.6 16.7 19.5 19.5 19.5 18.5
Na 34.7 53.5
Al - - 10.1 10.1 18.6 24.1

() Includes safety and control rod channels.
Fine radial blanket only.

The densities used to calculate the volume per cent compositions in ZPR-III
from the weights of the materials are as follows:

Material

Aluminum

Stainless steel (304)
Molybdenum
Zirconium

Density (g/cm?)

18.75
19.00
2.70
7.85
10.20
6.44




For ease in analyzing the results of the clean-core experiments,
end-gap regions in the Fermi Reactor were omitted from the clean
assembly by loading the axial blanket regions adjacent to the cylindrical
ends of the core. To simplify the drawer loadings, the core height was
fixed at 30 in., thus allowing a uniform loading 15 in. of core material in
each half of the assembly. The assembly interface spacing, composed of
the perforated steel drawer fronts, adds an additional 0.08 in. to the over-
all length of the core. A reasonably cylindrical core geometry was
achieved by the use of partial edge drawers loaded to contain a representa-
tive region of core material over that fraction of the drawer adjacent to,
and lying within, the core. The remaining portion of the drawer was loaded
with typical blanket material. The locations of the partial edge drawers
for the clean-core critical loading are shown in Fig. 7, which represents
a cross section of the critical assembly at the cylindrical midplane. The
reflector or blanket was loaded in fine, medium, and coarse regions rep-
resenting increasing heterogeneity. This was necessitated by a limited
inventory of —-in.-thick plates of the various materials required to extend
the fine blanket region. The medium blanket region utilized 1 x 1 x 5-in.
pieces of U238, aluminum. and stainless steel, whereas the coarse blanket
contained 2 x 2 x 5-in. pieces of U?*® separated by a1l x 2 x 2-in. region
composed of —i— x 2 x 2-in. pieces of Type 304 stainless steel and void.
Figure 8 is a cross section of the clean core along the cylindrical axis,
showing the radial and axial dimensions of the core and blanket regions
of the assembly. The radial and axial dimensions are measured from the
cylindrical axis and the core midplane, respectively. The radii shown are
the equivalent radii of the various regions.
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The requirements of fixed composition imposed on the clean core
prohibited the use of a standard core drawer loading without using partial-

Fig. 8

Clean Core

height axial columns of the various core materials.

core assembly is given in Table IIL.

Table I

CLEAN-CORE DRAWER LOADINGS (CORE SECTION)
1/8-in columns, left to right across drawer face

Drawer

toading A8 c oD £ F oo M1 1
No 1 % Zr 6% 2B/ SS 5% 6% B8 B 6%
No 2 @ T B 6% B B 6w &% S5 B
No 3 % B B 6 B &% SS 63 28
No 4 % B Ir 6% 6% B 63 SS 4B 630
No 5-(U2corel 63 28 B 6% 2B 4% SSSS B
No.6**(i2core 2 4% 28 28 }’;g oGt B 0SS 6w B
No 7**Bidcores 28 4% 28 8 63 B 63 S5 45% 6%
No 8~Gldcorel &% Zr B 6% B B 6% &% SS B
No 9 (seed) 6% I B 6 B B 63 &% SS 63
No 10 fseeds e 6% B/ B 6% 63 6% SS A% 63

{Only 15 columns i contro! drawers)

Control-~1 63% Zr 63% 28 5% 63% 28 5 63%  63%
Controi-2 63%  Zr 28 63% 28 5 63% 5% 28 63%
Control-3 630 28 25 63% 28 Zr 45% 63 28 Mo
Control-4 630 28 Zr 63 63% 2 63% 45% 63% 28

Control-5 (seedr  63%  Zr 28 25 45% 63 63% 63% 63% Mo

*Tymical locations of the drawers are shown n Fig 10 2- U238 55 - 304 staniess stesl
*=Core edge drawers 25- U235 Mo - molybdenum

63%
63%
Mo
28
5%

Mo

63%
63%
28

No
63%
63%
)
63%

Zr - irconium (13- column)
% refers to aluminum density

Since partial columns
would have required many more small pieces of the materials than were
available, four different drawer loadings were used as a repetitive unit.
The order of the materials in the various drawer loadings used in the clean

63%

%
63%
28
25

63%
Mo
63%
63%
28

63%
Mo
63%
63%
28

63%

63%
28
%
63%

28
63%
28
63%
)

63%
2

63%
63%

63%
28
5
Mo
63%

63%
28
%5
Mo
45%

45%
No
Mo

63%
63%
63%
28

63%

Longitudinal Cross Section,

63%
63%
63%
28
28

63%

28
63%
28
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A diagram of a typical core drawer loading as portrayed in Fig. 5 is
shown in Fig. 9. The zirconium columns were interrupted at different
axial points in the various drawer loadings with a 2 x 2 x%-in. piece of
63% density aluminum to approximate more closely an initial requirement
of an average of 4.41 v/o zirconium. Following the critical experimental
program, the zirconium v/o for the designed core was increased to
5.31%, with a corresponding reduction in the stainless steel, as shownin
Table II.
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Fig. 9. Clean-core Drawer Loading, Master No. 1

Drawer loadings 9, 10, and C-5 (Control-5) in Table III represent
"seeded" drawers in which the U?**® content was increased by replacing a
column of depleted uranium with a column of enriched uranium. Figure 10
is the clean-core loading diagram for half No. 1 of ZPR-III at criticality,
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showing the locations of the seeded drawers. A corresponding array was
used for Half No. 2, with different locations for the seeded drawers, to
produce a relatively homogeneous distribution. Reactivity effects in excess
of that available in the control rods were compensated by the exchange of
normal and seeded drawers in the course of the experimental program.

Figure 11 is a diagram of a typical fine radial blanket drawer load-
ing. The ll%-in. axial blanket drawers immediately behind the Zli-in‘
core drawers continued the medium blanket loading pattern as shown in the
last 4 in. of the core drawer loading of Fig. 9. The vj/o compositions of
the clean critical core and of the various blanket regions are given in
Table IV. The dimensions of the assembly are those shown in Fig. 8.

Table IV

COMPOSITION OF VARIOUS REGIONS OF CLEAN-CORE ASSEMBLY

Blanket
Core Fine Medium Coarse I Coarse 1II

Outer Radius (in.): 15.63 18.77 25.94 28.60 33.65
Composition (v/o):

y2s 6.09 0.10 0.11 0.11 0.14

[EE 18.97 45.39 48.70 46.35 59.59

Al 25.14 10.08 13.47 0.86 1.10

Stainless Steel (304) 14.32 19.42 21.00 16.65 7.31

Mo 5.03 2.46 - - -

Zr 4.32 - - - -

*This also includes U?** and U2

Fig. 11. Fine Radial Blanket Drawer Loading Master
Fine Medium
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loading to Critical and Critical Mass.

The radial and axial blanket

regions were loaded as shown in Figs. 7 and 8. The core was loaded ac-

cording to Fig. 10 with the repetitive unit drawer sequence, but without

s¢e

eded drawers.

The core drawers were initially loaded with an axial

column of 63% density aluminum in place of each column of uranium en-

riched in U?*,
then accomplished by replacing these aluminum columns with U2%%,

A conservative stepwise approach to a critical loading was

With-

out seeded drawers, a subcritical loading of 414 kg of U?* was attained.

WORTH OF U 235 FOR U 238(Ih/kgU 235

100—

W
&)
l

@
(o]
|

T

|
20—

ol | | | | | | l
0 2 4 & 8 1] 12 14 [}
RADIUS OF CORE,in
Fig. 12. Radial Worth of an Axial

Column of U%*® Substituted
for U238

Inhour Relation.

Eighteen distributed normal core
drawers were then "seeded" by sub-
stituting a column of U%% for U8 to
produce a loading of 433.5 kg of U?*®,
which was supercritical by

104.6 inhours.

The worth of an axial column
of U?*® for U?®® as a function of radius
was determined (see Fig. 12), and
an average worth was then calculated
to be 51.6 Ih/kg U?% . Thus, the clean
critical mass of this assembly was
calculated to be 431.5 kg U?* at
28.6 °C. The wvolume of the core
was 378.0liters with the dimensions
as shown in Fig. 8.

The period-versus-inhour curve utilized for the

positive period measurements of reactivity during this program was cal-

culated from the following data.

(7)

Group (sec™?)

0.0127
0.0318
0.112
0.301
1.33
3.85

oy U1 W W DV =

$1 = 310 Ih
=2.2169 x 107° Ak/k
= 6.87 x 107° Ak/k

= 0.00687
= 451 Th

% Fi
0.033 0.000227
0.195 0.00134
0.182 0.00125
0.400 0.00275
0.151 0.00104
0.038 0.000261
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ZPR-III Temperature Coefficient. A series of reference meas-

urements were conducted on the clean-core loading at various equilibrium
temperatures in order to define an average temperature coefficient for
the ZPR-1II assembly. Measurements over a range covering 8.2°Cindicated

a net temperature coefficient of -=1.5 = 0.2 In/°C (-3.3 + 0.4 x 107%> Ak/k-°C).

ZPR-III Control Rod Calibration. Two of the ten fuel-containing

REACTIVITY, Th
wn £ ol
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| I |

T

3
I
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DISTANCE ROD WITHDRAWN, in.

Fig. 13. ZPR-III Control Rod Cali-
bration Curve, Fermi
Clean Core.

control rods in ZPR-III were loaded as "seeded"
drawers to provide additional reactivity control
during the course of the experimental program.
A calibration curve for the rod located in posi-
tion N14 (see Fig. 10), loaded as a seeded
drawer C-5 (whose composition is given in
Table III), is given in Fig. 13. This curve was
generated by determining the positive reactivity
changes produced by stepwise rod insertions by
means of positive period measurements. The
10~in. position means, for example, that the
control rod drawer, which has been loaded in
zones to correspond to the core and axial blan-
ket regions, is withdrawn 10 in. from the as-
sembly interface, or core midplane. This
produces a 2.10 x 2.10 x 10-in. air-filled "void"
region in the core. As indicated in Fig. 13, the
insertion of the rod from this point to the "full-
in" or zero position represents a reactivity
addition of 101 Th or 2.24 x 107° Ak/k.

The 15-in. core region of a "seeded"
control drawer, including the steel drawer it-

self, contained the following weights of materials:

Material Weight (g)
U2 1033
S 1178
Mo 606
Zr 329
5SS 758
Al 897

C. Reactivity Coefficient Measurements

Danger coefficient or reactivity coefficient measurements were
made with the clean-core assembly for a selected group of materials. In
general, these measurements involved the insertion of 8 in.> of the sample
material in the form of two blocks of the material, each 1 x 2 x 2 in.
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An air-filled void region of this size was initially provided, and the reactivity
effect of the sample was then determined with respect to this void. Special
drawers were utilized to eliminate any axial shifting of the core material.

An accuracy of ¥ 0.5 Ih can be assigned to the net reactivity measurement.
This accuracy has been repeatedly demonstrated by the reproducibility of
these measurements.

Core Center. Measurements at the center of the core were made by
removing 4 in.? of core material from the front, or assembly interface end
of the center drawer in each half, thus producing an 8-in.? void region at
the center of the core with the halves assembled. With this void condition
as a reference, various materials were inserted and the resulting reactivity
changes noted. The data obtained are given in Table V. In the smaller
samples of boron-10 and of boron~10 carbide, the remaining volume was
either filled with aluminum or left void, as indicated.

Radial Core-Blanket Interface. Measurements at the core-blanket
interface along the core midplane were conducted in a similar manner by
providing a 4-in.® void in each of the opposing drawers in V-12 (see Fig. 10).
This provided a radial core-blanket interface position which placed half of
the sample volume in each region. The data thus obtained are given in
Table V.

Table ¥

CENTRAL AND CORE-EDGE REACTIVITY COEFFICIENTS
(With Respect to Voith

Core Center

Total

Number Reactivity Thikg of
Sample Material (Size) of Pieces _ \veight @@ Effect (In) Samplet!!
Al Alyminum (100% 4 350.7 -1.4 -4.0
AxIx2iny
$s Stainless Steel (Type 304 2 999.8 -4.1 -4.1
{U8x1x2in.)
Mo Molybdenum 2 1280.5 -13.8 -16.3
1x2x2in}
Zr Zirconium 2 346.0 -3.1 -3.7
Ix2x2in)
Be Beryllium 2 240.7 8.3 34.5
Ix2x2iny
Depleted 1238 (0,2 1235 R 2462.0 -13.6 -5.5
Uranium (18x1x2in.)
Ph 1 Physicum I (oxide)2) in SS Cans 3 230.0 fof Physicum D) -5.4 -20.4
(U4 x2x2in, cans) 170.0 (of SS)
gl0 Boron in SS cans 6 23,13 (of boron) -42.9 -1300
(U8x2x2in. cans} 5.3 of SS)
Aluminum (45%) 10 93.9  lof Ay
H8x2x2in:
B4C4 Boron-10 Carbide 2 32.2 -41.0 -1275
M4 x1x2ina
c Graphite 2 196.5 13 6.6

(Ix2Z2x2ing




Table X (Cont'd.}

Core Center

Total
Number Reactivity Thikg of
Sample Material (Size) of Pieces Weight (g} Effect (1h) Samplell}

Ta Tantalum 16 21031 -51.9 -24.6
(U8 x2x2in}

Inconel-X nconel-X 8 1044 -5.2 -5.0
2x2xUdin)

Hg . Mercury in SS Can 2 1383.4 {of Hg) -1.5 -4.8
2x2xLlin) 197.3 (of S$S)

Core-blanket Interface
Axial
Al 256.8 (net} 2.3 2.0
Aluminum (100%} 4 350.7
(Ixlx2in}
Replaced by Aluminum (45%) 10 93.9

(8x2x2in}

Ss Stainless Steel (Type 304) 6 3716 19 5.1
(1/8x2x2inJ

plo Boron in SS Cans 6 23,183) (of boron) 1.8 -383
(1/8 x2 x 2 in. cans) 2053  (of SS)

B4CY# Boron-10 Carbide 2 32.2 -8.3 -258
(H4x1x2in)

Radial

Al Aluminum (100%) 4 350.7 36 10.3
(Ixix2in.)

SS Stainless Steel (Type 304) 4 1017.4 4.3 4.2
fixix2in.)

Mo Motybdenum 2 12805 3.5 2.1
(1x2x2in.)

Zr Zirconium 2 846.0 4.3 5.1
{Ix2x2in}

Be Beryltium 2 240.7 5.1 21.2
(1x2x2in.)

Depleted U238 (9,29 1235 32 2462.0 2.6 11

Uranjum (8x1x2in)

Ph Physicum T foxidel® in S Cans 8 230.0 {of Physicum T 19 5.1
{14 %2 x 2 in. cans} 170.0 {of SS)

Inconel-X fnconel-X 8 1044 5.7 5.4

2x2xUdin)

{(LiCorrected for canning material and aluminum
@)composition given in Reference 6. Molecular weights in Reference 6 are incorrect however. The corrected values are

Formulia Molecular weight
(Ph-D)0y 519 142.2
(Ph-I107 145 136.1

In computing the above, 2 atoms of oxygen are substituted for each sulfur atom, and 3/4 atoms oxygen for each carbon atom.
Bgoron sample contains 94 wio boron and 6 wio impurities, and is enriched fo 92 atom % B0,
@Boron carbide sample contains 69.34 wio boron and 27.68 wio carbon. The boron is enriched to 90.7 atom % B10,

Axial Core-Blanket Interface. The measurements at the axial
core-blanket interface were similarly obtained by providing an 8-in.? void
region extending 1 in. into the core and 1 in. into the axial blanket. This
was located on the cylindrical axis at one end of the core. The data for
this location are given in Table V.

D. Reactivity Worths of Plutonium and U?%*

Axial and radial traverses of the reactivity worth of plutonium and
as well as radial traverses of the worth of an axial column of these
materials, were conducted with the clean-core assembly. An initial

235
U=,
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reference loading was established for both materials by loading a —;--in.-
thick column of 63% density aluminum adjacent to a 7 ~in.-thick column of
45%-density aluminum at the locations where sample materials were to

be placed. In the case of the +~in.~thick (4 x 2 x 2-in. and + x 2 x 3-in.)
aluminum-clad, aluminum-alloyed plutonium samples, the removal of the
two aluminum columns and the substitution of the plutonium sample re-
sulted in a negligible change of aluminum mass. For the U?® vample, the
two partial-density aluminum columns were replaced by a %-in.-thick Uz
sample plus two %-in.-thick plates of 100% density aluminum to produce
again a negligible change of aluminum mass. Thus, the observed reac-
tivity changes in all cases are directly attributed to the presence of the

sample material versus void.

The two, —i—
axial traverses contained 185.99 g plutonium,of which 175.78 g were Pu?*’,
The two + x 2 x 2-in. U%*® samples contained 287.36 g uranium, of which
267.84 g were U,

® 2 x 2-in. plutonium samples used for the radial and

The axial sample column contained 464.96 g plutonium, of which
439.43 g were Pu?®*®, and 729.60 g of uranium, of which 680.14 g were U235,

The reactivity values given in Table VI assume a negligible reac-
tivity contribution from the U234, U236, and U?%%® in the uranium sample.

Table VI

WORTHS OF PLUTONIUM AND U?3®

Radial Traverse at Midplane Axial Column as Function
(0 - 2 in. in drawer) of Radius
Worth (Ih/kg) Worth (Th/kg)
Radius (in.) yess Pu* Radius (in.) U Pu*
0 135.0 223.0 0 95.1 156.0
8.73 85.2 138.8 4.74 82.7 134.0
15.28 31.0 45.2 8.73 59.7 98.5
10.79 46.5 74.6
Axial Traverse Along 13.47 29.7 46.6
Cylindrical Axis of Core 15.28 20.6 31.4
17.71 11.2 13.8
Position in Worth (Ih/kg) ;z.gg ;L; §>§
Drawer {in.) U Pu* ) ' o
0-2 135.0 223.0
6 -8 105.3 172.0
13 - 15 43.7 66.2
*Isotopic analysis of Pu in a/o: Pu®®? 94.51 + 0.08 a/o
Pu*® 511+ 0.07a/0
Pu*¥  0.38 + 0.03 a/o
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Radial Traverse. The radial traverse was conducted at the core
midplane by locating the sample material at a point from 0 to 2 in. in
opposing drawers on either side of the core midplane. A core center, core
edge, and intermediate location were utilized. These data are shown in
Table VI.

Axial Traverse. The axial traverse was conducted in the two op-
posing central drawers along the cylindrical axis (P-16) at 0 to 2 in.,
6 to 8 in., and 13 to 15 in. from the core midplane. These data are shown
in Table VI.

Radial Traverse of Axial Column. Since only four samples, rep-
resenting a total of 10 in. of plutonium, were available for these measure-
ments, a comparable amount of U?*® was also used. The samples were
located from 1 to 3 in., 4 to 7 in., 8 to 10 in., and 11 to 14 in. These data
are included with the axial and radial traverse numbers in Table VI.

E. Material Substitutions

Two separate series of material-substitution experiments were
conducted with the Fermi clean-core loading to determine average reac-
tivity coefficients in the core and fine radial blanket. The materials
studied were aluminum, molybdenum, zirconium, sodium, oxygen in the
form of aluminum oxide, Type 304 stainless steel, and depleted uranium
(containing ~0.2% U?®®), The fine radial blanket substitutions were re-
stricted to aluminum, sodium, and stainless steel. Additional measure-
ments of average reactivity coefficient for aluminum and depleted uranium
in the radial and axial blankets were conducted with the Fermi engineering
core loading and are included with the engineering core data.

The first series of material substitutions were conducted with the
clean-core loading. Inasmuch as anomalous data resulted from the
depleted~-uranium substitutions in the core, a modified clean-core loading
was assembled following the engineering-core experiments. The purpose
of this modified loading was to investigate the reactivity effects produced
by small local variations in density for the aluminum and depleted uranium
over the entire core.

Distributed Worths in Core and Fine Blanket. Each drawer has
seven symmetrical counterparts in other parts of the core, one in each of
the three other quadrants in its one half and four more in the opposite half.
By selecting a group of drawers each of which is the symmetrical counter-
part of a different drawer in one quadrant, a sample consisting of only
one-eighth of the total drawers can be obtained such that its radial distribu-
tion is characteristic of the whole core. At the same time, the sample can




be chosen so that it is fairly uniformly distributed over the entire core.
Such a sample is identified in this
8 9 1011 1213 14 15 16 17 18 19 20 21 2 23 2 report as a distributed eighth of
¥ Fing Bl the core. A distributed quarter
or other fraction can be chosen in
a similar manner. These distri-
buted patterns of drawers have
been used for determination of the
worth of materials distributed
B uniformly throughout the core.
Several such distributed patterns
@ which have been used are illus-
trated in Fig. 14, where the circled
numbers represent drawers in
Half No. 2, while the uncircled
numbers are for Half No. 1.
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Fig. 14. Distributed Loading Scheme
for Both Halves in the
Material -substitution
Measurements
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sequence was used except that the
circled numbers in Fig. 14 then
correspond to Half No. 1 and the
uncircled numbers to Half No. 2.
The measurements of the worths of
stainless steel, molybdenum, zir-
conium, and U?*® were done with a fraction of the core involving 38 drawers
rather than the 41 drawers making up a full quarter. This represented the
omission of the partial edge drawers and control drawers.

The volume of the core was not changed at any time from the
378-liter reference core volume. When additional reactivity was required
to compensate for the reactivity change resulting from a material sub-
stitution, additional seeded drawers were substituted for standard drawers.
This was the same procedure as was used in making the reactor critical.
An efiort was made to distribute the additional fuel uniformly.

The reference loadings for the four typical core drawers and the
fine blanket drawer are those given for the clean-core loading (see Table III
and Figs. 10 and 11). Substitutions were made for materials within these
drawers as well as in the partial, control, and seeded drawers, with no
change in material location. Exceptions to this occurred in the U8 and
sodium-substitution experiments, in which aluminum columns were moved
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to avoid placing two columns of U?**® adjacent to each other, or where
double columns of aluminum were not present for sodium replacement.
In these cases, a reference measurement was made for the revised load-
ing before the substitutions were undertaken.

1. Aluminum, Full-drawer Substitution

Full-density aluminum pieces were substituted for all of the
63% density aluminum in a given drawer. This substitution was repeated
stepwise in other core drawers so that changes varied from 1—16 to 4 of the
core. The manner of substitution is shown in Fig. 14, except that the
16 -Cpre loading was accomplished by loading the drawers indicated for
the - -loading in only one half of the assembly. The weight of aluminum
substituted, the reactivity change, and the average and incremental worths
of aluminum are presented in Table VII. The changes in the average vol-

ume per cent of aluminum are also given.
Table VII
ALUMINUM DENSITY COEFFICIENT, FULL-DRAWER SUBSTITUTION

Distributed Fraction of Core Drawers

Core Composition (v/o): 1/16 1/4 3/8 1/2
u® 6.09 6.09 6.06 6.06
e 18.97 18.97 19.00 19.00
Al 25.91 28.33 29.92 31.54
Stainless Steel 14.32 14.32 14.32 14.32
Mo 5.03 5.03 5.03 5.03
Zr 4.32 4.32 4.32 4.32

Number of drawers changed 20 81 122 164

Reference Al added (w/o) 3.05 12.68 19.02 25.45

Weight of Al added (kg) 7.8 32.5 48.8 65.3

Reactivity change (Ih) 29.3 123.5 186.8 248.2

Average worth of Al (Ih/kg) 3.75 3.80 3.83 3.80

Incremental worth of Al

(Th/kg) 3.81 3.89 3.72

Subsequent work on the depleted-uranium substitutions sug-
gested the possibility that the aluminum worth per kilogram obtained by
changing all the aluminum in one drawer would not correspond to the value
obtained by varying the density of a single column in every drawer. This
prompted the following partial-drawer substitutions of aluminum in a
modified clean-core loading.

2. Aluminum, Partial-drawer Substitution

The modified clean core was a reloading of the clean core
after completion of the engineering-core experiments. The four basic
core drawer loadings were modified as shown in Table VIII, such that




three columns of 63%-density aluminum were bunched in each drawer with
no change in drawer composition. The special drawers were similarly
loaded. This allowed the subsequent substitution of a column of depleted
uranium for aluminum with adequate separation from any other U2 or
depleted uranium in the drawer. The fine radial blanket drawers and the
11-~in. end-blanket drawers remained as loaded for the engineering-core
mockup as described in a subsequent section. The 5 in. of end blanket
immediately adjacent to the cylindrical ends of the core contained three

1 x 1 x 5-in. pieces of U?*® and one 1 x 1 x 5-in. piece of 56% density
aluminum with two pieces of —i— x 2 x 2-in. stainless steel and two pieces of
+x 2x 2-in. 100% density aluminum extending from 5 to 6 in. behind the

4
core-end blanket interface in each drawer.

Table YIIL

BASIC DRAWER LOADING FOR MODIFIED CLEAN-CORE EXPERIMENTS
1/8-in. Columns, Left to Right Across Drawer Face

Drawer Column

Master
_No,  Assemby A B C B E F G H L 4 K L M N 0 F
1 Clean Core  63% 2Zr 63 28 SS 45 6% 28 B 6% 6% Mo 6% B 63 63
Modified . . . ) ) ) )
1 Wodfie! . % Zr 6% 2SS &% &% B B 6% 6% 6% Mo 6% B 6
2 Ciean Core 636 Zr 3  63% 28 25 63 5% S5 28 6% 63 Mo 6% 28 630
Modified o
2 odflel o % zr B % B B 6% &% SS B % 6% 6% Mo 28 6%
3 Clean Core  63% 28 % 6% 28  Zr 45 SS 6% 28 Mo 6% 63 28 5 6%
3 pedfled 6w w3 6% %z % SS B Mo 6% 6% 6% B 5 6%
4 Clean Core 636 28 Zr  63% 6% 28 6% SS 4% 6% 28 5 6% 6% Mo 28
4 Noditied 6% 28 Zr 6% 63 6% 28 SS 4% 6% 28 25 6% 63 Mo 2
Clean Core
25 - U235-enyiched uranium S5 - Stainiess Steel 45% - 45% density aluminum
28 - Depleted uranium Mo - Molybdenum 6%% - 63% density atuminum

Zr - Zirconium

Four basic aluminum density changes were conducted within
the three bunched columns of aluminum in each drawer:

a. One column of 45% density aluminum was substituted for
one column of 63% density aluminum per drawer over a distributed half
of the core and then over the remaining half to effect a full core change.
This resulted in a change of the three-column bunch from 63%-63%-63%
to 63%-45%-63% in each drawer.

b. Two additional columns of 45% density aluminum were
substituted for the two remaining 63% density columns per drawer over a
distributed half of the core, thus producing a 45%-45%-45% array in half of
the drawers with a 63%-45%-63% array in the remaining half.
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c. Three 100% density aluminum columns were subst1tuted
for three columns of 45% den51ty aluminum per drawer over E' of the core
and then over an additional ? core to provide a i——core substitution with a
three-column 100%-100%-100% array. Of the remaining drawers, L of the
core contained the three-column 45%-45%-45% bunched array and = of the
core contained the three-column 63%-45%-63% array.

d. One column of 100% density aluminum was substituted for
one column of 63% density aluminum over one-half of the core to produce
a three-column 63%-100%-63% array in one-half of the core drawers with
the three-column 63%=~63%~63% density array in the remaining half.

The results of the above substitutions are shown in Table I1X.

Table IX

ALUMINUM DENSITY COEFFICIENT, PARTIAL
DRAWER SUBSTITUTION*

(1h/kg)

Distributed fraction of core drawers 1/8 1/4 1/2 1
(a) 1 column of 45% for 63% Al/drawer 4.50 4.43
(b) 2 columns of 45% for 63% Al/drawer 4.39
(¢) 3 columns of 100% for 45%Al/drawer 4.18 4.18
(d) 1 column of 100% for 63% Al/drawer 4.24

*The aluminum density changes were all made within the three
bunched columns of aluminum as shown in the initial drawer
loadings (see Table VIII).

3. Stainless Steel (Type 304), Molybdenum, Zirconium, and
Oxygen (Al,0;)

Tests to determine average core worths were run for Type 304
stainless steel, molybdenum, zirconium, and oxygen by substituting alumi-

num for these materials over a distributed quarter of the core (38 drawers).

Partial core-edge drawers and control drawers were not altered (see
Fig. 14).

Stainless steel and molybdenum worths were determined by
substituting 100% density aluminum for these materials and noting the net
reactivity change. By using the aluminum worth as determined from the
preceding measurements by partial drawer substitution of the aluminum
density, the worth of the material in question can be determined. In the
case of zirconium, the 13 in. of material in each drawer were replaced by




an equal amount of 100% density aluminum. For the oxygen measurement,
two 14-in. columns of 63% density aluminum and one 14-in. column of

45% density aluminum were replaced by three 14-in. columns of aluminum
oxide (Al,0;) to provide an oxygen addition with a negligible change in
aluminum.

Substltutlon of 45% density aluminum for stainless steel in a
distributed — of the fine blanket drawers resulted in a value of +1.035 Ih/ I\g
for stalnless steel in this region. The value of +2.53 Ih/kg of aluminum
as shown in Table XIX was used to correct for the aluminum addition.

An alternative technique for material-substitution measure-
ments of materials other than aluminum and sodium has also been em-
ployed on ZPR-III, but was not used in this series of measurements. This
involves compensating for the aluminum inserted in place of the sample
material by reducing the density of the remaining aluminum columns in
the drawer to produce a negligible net change in aluminum. This method
eliminates the necessity for an aluminum reactivity correction and thus
allows a direct determination of the sample material worth with respect
to void. This technique was used, however, in a portion of the material-
substitution measurements with depleted uranium and is described in a
subsequent section.

The data resulting from the above measurements with stainless
steel, molybdenum, zirconium and oxygen are presented in Table X.

Table X

WORTHS OF VARIOUS CORE MATERIALS FOR A DISTRIBUTED LOADING

ss Mo 7 0
Core Composition 38 Drawers 76 Drawers 38 Drawers 76 Drawers 76 Drawers 38 Drawers
Vs 6.09 6.09 6.09 6.09
e 18.97 18.97 18.97 18.97
Al 25.73 26.34 25.73 26.34 26.17 25.17
S 1372 13.13 14.32 14.32 14.32
Mo 5.03 4.43 3.83 5.03 5.03
Zr 4.32 4,32 3.29 432
Percentage of material
changed 417 833 11.91 23.82 23.82 -
Weight of material
changed (kg -17.7 -35.4 -23.0 -46.1 -24.9 8.00
Weight of aluminum
changed (kg 6.1 12.1 6.1 121 10.5 31
Reactivity (Ih:
relative to reference 6.3 131 50.9 104.7 -16.8 83.1
of aluminum’ 25.9 51.3 25.9 51.3 4.5 13
of material -19.6 -3R.2 25.0 53.4 -61.3 81.8
Worth of material
{Ihikg 1107 1079 -1.087 -1.158 2.462 10.23

Aluminum worth assumed to be + 4.24 Th/kg.
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4. Sodium

Sodium in stainless steel cans of dimensions 8 x 2 x % in.,
Tx 2 xL in., 4 x 2 x % in., and 3 x 2 x % in. was substituted for aluminum
and stainless steel in the core and fine blanket. Since the sodium cans
were —-in. thick, it was necessary to remove two columns of material for
for each column of sodium inserted. Therefore, 63% density aluminum
columns were bunched in pairs as a reference loading. The column order
for these experiments is given in Table XI.

Table XL

DRAWER LOADINGS FOR SODIUM-SUBSTITUTION MEASUREMENTS
1/8~in. Columns, Left to Right Across Drawer Face

Drawer Column

Master Drawer
_No._ Type A B C B £ F 6 H 1 J K L M N O P
Core
1 Reference 63% 63% Zr 28 SS &% 63 28 25 63% 63% Mo 63% 28 63%  63%
1 Test Na r B Na 63 28 2% Na Mo 63 28 Na
2 Reference 63% 63% 28 Zr 28 25 63% &% SS B 63% 6% Mo 28 63%  63%
2 Test Na 28 Zr 28 25 63% Na 28 Na Mo 28 Na
3 Reference 28 5 63% 6% 28 Zr 45% SS 28 Mo 63% 63% &8 25 63% 63%
3 Test 28 5 Na 28 r Na 28 Mo Na 28 5 Na
4 Reference 63% 28 Zr 63% 63% 28 63%  SS 45% 63% 28 25 63% 63% Mo 28
4 Test 63p 28 Zr Na 28 Na Na 28 25 Na Mo 2B
Core Edge
51 Reference 28 25  63% 63% 28 Mo 4% SS S 288 2B 28 4% 5% B 0B
5 Test 28 5 Na 28 Mo Na $S 28 28 28 Na 28 2
6l Reference 28 4% 4% B (]o0) B B 0SS B Mo 6% 6% B B 6 6B
12 45%
6 Test 28 Na 28 (1 12 Mo ) 28 28 SS 28 Mo Na 28 25 Na
7@ Reference 28 5% 2R 28 63% 28 63% SS 455 63 B 25 63% 63 Mo 2B
7 Test 28 5% 28 28 63% 28 ha Na 28 25 Na Mo 28
82 Reference  63% 63% 28 Zr 28 25 63 4% SS 0B 63% 63 28 28 5% 28
8 Test Na 28 Zr 28 25 63% Na 28 Na 28 28 5% 28
Seed
9 Reference  63% 63% 28 Zr 28 25 63% S5 5% 63% 63 28 sl 635 63% Mo
9 Test Na 28 r 28 25 Na Na 63% 28 25 Na Mo
10 Reference  Zr 63% 28 25 63% 63% 63% SS 5% 63% 28 25 63% 63% Mo 28
10 Test Zr 63% 28 25 Na Na Na 28 25 Na Mo 28

Fine Blanket™
B-1or B-2 Reference 28 il 5% 45% 28 28 SS SS

B-1or B-2 Test 28 28 Na 28 28 SS SS Unchanged, ses Fig. 11
B-1' Reference 28 28 5% 28 28 45% SS SS
B-1! Test 8 28 45% 28 28 Na SS
Vyaif of drawer 1s core and half is blanket CODE: 25 U2B—gnriched Uranium
12314 of drawer is core and 1/4 is fine blanket (not changed 28 Depleted Uranium
131112 of the B-1 drawers were loaded as B~1' to compensate Zr Zirconium
for SS in Na cans Mo Molybdenum

$S Stainless Steel
%  Per cent Density Al
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Two cans of sodium (one 7-in. and one 8-in.) replaced the
15-in. aluminum and stainless steel columns, as indicated, in the core
drawers. Three cans (one 3-in., one 7-in., and one 8-in.; or one 4-in. and
two 7-in.) replaced the 45% density aluminum and stainless steel columns
indicated in the fine blanket drawers, i.e., 15 in. in the core and 18 in. in
the fine blanket drawers. The void end of each can was placed toward
the reactor interface. The smaller cans in each case were placed in the
front of the drawer, nearest the core interface. This was done on the
assumption that the worth of sodium is less near the core center, thereby
minimizing the heterogeneity effect introduced by the small void region
in each can,

Table XII presents the data relating to the sodium worth ex-
periments. The core data were obtained with no sodium in the fine blanket.
The fine blanket data were obtained with a %-distributed sodium loading in
the core. The density coefficient of reactivity for aluminum utilized in

Table XII

DISTRIBUTED WORTH OF SODIUM IN THE CORE AND FINE BLANKET

Composition 1/8(1) 1/4(1) lf/“':(l) 5/8(1) 3/4(1) F.B.(&)
U2 6.09 6.09 6.09 5.09 6.09 0.10
ye 18.97 18.97 18.97 18.97 18.97 45.39
Al 22.54 19.88 14.66 12.06 9.47 6.38
SS 14.60 14.89 15.49 15.76 15.88 19.46
Mo 5.03 5.03 5.03 5.03 5.03 2.46
Zr 4,32 4.32 4,32 4,32 4.32 -
Na 3.94 7.96 15.82 19.76 23.69 8.12
Number of drawers changed 40 81 181 204 241 142
Weight of Na added (kg) 14.5 29.2 58.0 72.5 86.8 15.7
Weight of Al added (kg) -26.6 -53.7 -106.0 -133.6 -159.9 -20.2
Weight of SS added (kg) 8.2 16.9 35.6 43.8 47.3 1.14
Reactivity (Ih):
relative to reference 12.4 20.7 30.0 26.1 17.0 -1.2
ot A113 -101.0 -204.2  -406.5  -507.5  -607.7  -56.3
ot 5st3) 8.8 18.2 38.4 7.3 51.0 -1.2
of Na 104.6 206.7 398.1 48u.3 574.3 56.3
Worth of Na (Ih/kg) 7.21 7.08 6.806 6.71 6.62 3.59
Incremential Worth of Na
{Ih/kg) 6.95 6.65 6.08 0.15
(1) Four columns of Na substituted for o colummns of 63 ¢ Al, I column of 15% Al and

1 column of SS in the core.

(2)

-

Four columns of Na substiiuted for 7 columns of 45% Al and 1 column of 85 in the

fine blanket.

(3) The worths of Al and S5 used here:
Al (core) 3.80 Ih/kg; Al (F.B.) 2.53 Ih/kg
SS (core) 1.079 Ih/kg; SS (F.B.) 1.035 Ih/kg
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Table XII to correct for the aluminum removed is the value obtained from
the full drawer substitutions (see Table VII). The full-drawer results
were thought to resemble more nearly the situation that is produced when
the majority of the available aluminum is removed and replaced by an
equivalent amount of sodium. A precise substitution of sodium for alu-
minum would have resulted in no reactivity change. The small positive
reactivity changes are assumed to have resulted from the uncompensated
addition of sodium and stainless steel.

The limited inventory of sodium restricted these measurements
to a total insertion of approximately 90 kg sodium, or 25 v/o of the core at
room temperature. The maximum amount of sodium that could be loaded
into the clean core assembly with all the available aluminum removed was
32.5 v/o, whereas the sodium in the Enrico Fermi reactor core is .

50.99 v/o with the control rod channels averaged over the entire core,
or 47.2 V/o in the fuel region only.

The total sodium content of the Fermi core is approximately
184 kg at 20°C (density 0.97 g/cm?) decreasing to 166 kg at 300°C (density
0.87 g/cm3). By linear extrapolation of the sodium-substitution data, the
average sodium worth is estimated to be 6.1 Ih/kg at 300°C, decreasing to
5.9 Ih/kg at 20°C.

By comparing the sodium worth of 5.9 Ih/kg and the minimum
perturbation aluminum worth of 4.3 Ih/kg, one obtains an average core
reactivity equivalence between equal volumes of sodium and 49.3% density
aluminum. Since there is approximately 11 V/o void in the ZPR-III assem-
bly in drawer clearances, etc., which is unavailable for loading, this cor-
responds to the use of an average aluminum density of 63%.

Utilizing the full-drawer aluminum substitution value of 3.8 Ih/kg,
the equivalent aluminum density becomes 55.8%, corresponding to the use in
ZPR-III of aluminum having an average density of 71%. This was approxi-
mated in the engineering-core loading by a combination of 63% and 100%
density aluminum to provide an average aluminum density of 73% as noted
in the subsequent engineering core description.

5. Depleted Uranium

Two separate series of substitutions were undertaken to deter-
mine the average worth of depleted uranium in the clean-core assembly.
Columns of depleted uranium were both added and removed in various dis-
tributed fractions over the core. Also, the effect of actual placement of
material within a drawer was investigated. The total amount of the U?*®
isotope in the reference core loading for these measurements was 1362.4 kg.
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It should be noted that all of these substitutions involved the
measurement of the worth of depleted uranium. No correction has been
made for the contained U?*®, The amount of the U?*® isotope in the depleted
uranium used in these tests is approximately one part in 500, while the dis-
tributed worth of U?* in the clean core is 51.6 Ih/kg. Therefore, the re-
activity effect of the contained U?® is +0.10 Ih for each distributed kilogram
of depleted uranium.

a. Initial Clean-core Assembly

In rernoving depleted uranium for this set of measurements,
the general procedure was to replace a column of depleted uranium with a
column of 100% density aluminum. Depleted uranium was added by remov-
ing a column of 63% density aluminum. In all cases, the relocation of other
materials within a drawer was kept to a minimum. The locations for the
addition and removal of depleted uranium were chosen on the basis of
maximum physical separation from other columns of enriched or depleted
uranium. Table XIII gives the sample column locations for each drawer
type. The reference loadings for these drawer types are given Table III.

Table XIII

ADDED AND REMOVED COLUMNS OF DEPLETED URANIUM
(Letters indicated column identification, see Table III)

Drawer Loading No. Added Removed Added Uranium(1)
(See Table III) Uranium(l> Uranium(z) Adjacent to 25

1 P D J
2 M) c G
3 L J P
4 1(3) F M
5 Not changed Not changed Not changed
6 1, J Not changed
7 1(3) F Not changed
8 A Not changed Not changed
9 P C G
10 G P M

(1)Removed one 15-in. column of 63% density Al.
(2)Added one 15-in. column of 100% density Al.
3

( )Original material at this position exchanged with adjacent column
of 63% density Al to enable U-for-63% Al substititions.




The first series of substitutions consisted of four indepen-
dent measurements in the same distributed eighth of the core, each with
respect to the reference loading:

Test 4) removal of a column of depleted uranium at a
position remote from a U2 column;

Test 5) addition of a column of depleted uranium at a
position remote from a U5 column;

Test 8) addition of a column of depleted uranium adjacent
to a U?*® column; and

Test 9) a combination of 5) and 8).

A second series was undertaken to increase the observed
reactivity effect by the removal of a column of depleted uranium over a
dlstrlbuted ~ of the core, Test 3, and the addition of a column of depleted
uranium over a dlstrlbuted and = of the core, Tests 6 and 7, respectively.
The results of this and the precedlng series are combined in Table XIV,
Test Nos. 3-9, which also includes data on the composition, material change,
reactivity change, and the resulting calculated worth of depleted uranium.

Table XI¥
DISTRIBUTED WORTH OF DEPLETED URANIUM CONTAINING (~0 2% U235 [N THE CLEAN CORE

Test No 1 2 3 4 5 6 7 8 9
Composition
(Volume % Ref 112 -1/4 -174 -1/8 +1/8 +1/4 +112 +1/8t0 +1/42
2 609 609 609 609 60 609 609 609 609 60
y238 1897 16 64 1774 7 18 43 1951 2017 2137 19 51 017
Al BU 25 29 2521 2636 2573 276 2436 23 60 2476 2436
5S 1432 1432 1432 U3 1432 U 1432 1432 143 1432
Mo 503 503 503 503 503 503 503 503 503 503
zr 432 432 432 432 432 432 432 432 432 432
Number of drawers changed 138 80 78 33 B 78 155 38 38
% of Material added -12 83 -634 634 309 309 634 1263 309 618
Wt of depleted U added (kg -175 25 -8875 86 283 42036 42036 86 304 171 806 42036 84072
Wt of Al added (kg) 146 074 12433 6058 -3 857 7917 -15733 -3857 7714
Reactwvity {Th
relative to ref 142 85 624 U1 -304 508 -1176 200 522
of A3 62 31 527 257 171 351 697 171 342
of depleted U 30 54 97 84 -133 247 -479 -29 180
Worth of depleted U (Ih /kg) -0 046 -0 061 -0112 0200 -0316 0286 -0279 0069 0214

{1 Column of depleted adjacent to U235

3 Worth of Al taken as +4 43 Ih kg when the Al density decreases and

{2 Combination of Runs No 5 and No 8 +4 24 Ths kg when the Al densiy increases

From Table XIV, it can be noted that, in the above runs,
the aluminum worth represents from —;— to % of the total reactivity change.
A third series was then arranged to reduce the aluminum correction by
replacing a column of depleted uranium and two columns of 63% density
aluminum with 3 columns of 45% density aluminum in a distributed i and
5 of the drawer. These data also appear in Table XIV for Tests No. 1
and No. 2. The aluminum worths used in Table XIV to determine the de-

pleted uranium worth are the values resulting from the partial-drawer




aluminum substitutions as described in Section V,E,2. These values more
nearly represent the local changes of aluminum density resulting from
the addition or removal of a single column of aluminum per drawer.

b. Modified Clean-core Assembly

The modified clean-core assembly as described in Sec-
tion V,E,2, was utilized to conduct a series of depleted uranium substitu-
tions in which the average reactivity coefficient for depleted uranium upon
addition or removal from the core could be determined as a function of the
local aluminum density. The neighboring aluminum columns were ad-
justed in each loading to minimize the net variation in aluminum and the
consequent aluminum correction. Although not in precise agreement with
the preceding depleted uranium substitutions, these results show com-
parable trends.

Two experiments were run in which the depleted uranium
density in the core was decreased, each with a different amount of alu-
minum present. One other experiment was run in which the depleted
uranium density was increased. The drawer changes for each experiment
are given in Table XV and summarized below.

Table XY

BASIC DRAWER LOADINGS, MODIFIED CLEAN CORE, DEPLETED URANIUM SUBSTITUTIONS
1/8-in. Columns, Left to Right Across Drawer Face

Drawer Column

Drawer

Experiment No.  Master No. A B C D E F G H l J K L M N 0 P
1 1 Reference 63% Zr 63% 28 SS 5% 63% 28 25 63%  63% 63% Mo 63% 28 63%
1 Test 63% Ir 63% 28 SS 5% 63% 28 25 45%  45%  63% Mo  63% 45%  63%
2 Reference  63% Zr 28 63% 28 25 63% 45% SS 28 63% 63% 63% Mo & 63%
2 Test 63% Ir 28 63% 28 25 63% 45% SS 45%  63% 45%  45% Mo 28 63%
3 Reference 63% 28 25 63% 28 Zr  45% SS 28 Mo 63%  63%  63% 28 25 63%
3 Test 63% 28 25 63% 28 Zr  45% SS  45% Mo 63%  45%  45% 28 25 63%

4 Reference  63% 28 Zr 63%  63% 63% 28 SS 45%  63% 28 25 63% 63% Mo 28

4 Test 6% 28 Ir 45%  45% 63% 45% SS  45% 3% 28 25 63% 63% Mo 28
2 1 Reference 3% Zr 63% 28 SS 45%  63% 28 25 100% 100% 100% Mo  63% 28 63%
1 Test 63% Ir 63% 28 SS 45%  63% 28 25 100% 100% 63% Mo 63% 45% 63%
2 Reference  63% Zr 28 63% 28 25 63% 45%  SS 28 100% 100% 100% Mo 28 63%
2 Test 63% Zr 28 63% 28 25 63% 45% SS 45%  63% 100% 100% Mo 28 63%
3 Reference 63% 28 25 63% 28 Zr  45% SS 28 Mo  100% 100% 100% 28 25 63%
3 Test 63% 28 25 63% 28 Zr  45% SS  45% Mo 63% 100% 100% 28 25 63%

4 Reference  63% 28 Zr  100% 100% 100% 28 SS  45% 630 28 25 63% 63% Mo 28

4 Test 63% 28 Zr  100% 100% 63% 45% SS  45%  63% 28 25 63% 63% Mo 28
3 1Reference 63% Zr 63% 28 S$ 5%  63% 28 25 63% 45% 63% Mo 63% 28 63%
1 Test 63% ZIr 63% 28 SS 5% 63% B 25 63% 100% 28 Mo 6% 28 63%
2 Reference  63% Zr 28 63% 28 25 63% 45% SS 28 63%  45%  63% Mo 28 63%
2 Test 63% Zr 28 63% 28 25 63% 45% SS 28 63% 100% 28 Mo 28 63%
3 Reference  63% 28 25 63% 28 Zr &% SS 28 Mo 63%  45%  63% 28 25 63%
3 Test 63% 28 25 63% 28 Zr 4% SS 28 Mo 28 1002  63% 28 25 63%

4 Reference  63% 28 Zr 63%  45% 63% 28 S 4% 6% 28 25 63% 63% Mo 28

4 Test 63% 28 ZIr 28 100% 63% 28 SS 45% 63% 28 25 63% 63% Mo 28

Code: 25- U235—enriched Uranium

28 - Depleted Uranium
Zr - Zirconium
Mo - Molybdenum
SS - Stainless Steel
% - Per Cent Density Al

45
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Experiment No.

Columns Removed

Columns Added

1

Table XVI.

Composition

ye3s
U238
Al
SS
Mo
Zr
Number of drawers changed
Wt of depleted U added g}
Wt of Al added (kg)
Reactivity (Th):
relative to reference
of Al*
of depleted U
Worth of depleted U (Th/kg)
Incremental worth of depleted U

1
2

froed o
4

—
1

UZ3B
63% Al

- U238

100% Al

63% Al
45% Al

The results of the three experiments

Table XVT

DISTRIBUTED WORTH OF DEPLETED URANIUM IN THE CLEAN CORE

Experiment No. 1

Experiment No. 2

3 -45% Al
1 - 63% Al
1 - 45% Al
1 - U238

1 -100% Al

are given in

Experiment No. 3

Ref.

6.08
18.88
24.63
14.32

5.03

4.32

B

6.08
17.58
24.75
14.32

5.03

4.32
8l

-89.60

0.89

11.85
377
8.08

-0.090

B

6.08
16.33
24.80
14.32

5.03

4.32

162
-179.20
178

20.70
1.55
13.15
-0.073
-0.057

Ref.

6.05
18.85
21.42
14.32

5.03

4.32

“Worth of Al taken as 4.43 Ih/kg when Al is removed and 4.24 Th/kg when Al is added.
*=Test A was done with a distributed quarter of the core, Test B with a distributed half of the core.

6.

Ar? Be= Ref.
6.05 6.05 6.10
17.62 16.37 18.80
21.53 21.63 24,18
14.32 1432 14.32
5.03 5.03 5.03
4.32 4.32 4.32
81 162
-89.60 -179.20
1.03 2.06
26.65 50.95
4.36 8.73
22.29 42.22
-0.249 -0.236

-0.223

Stainless Steel for Depleted Uranium

A

6.10
20.03
24.06
14.32

5.03

4.32
81
89.66
-1.03

-32.50
-4.56

-21.94
-0.312

B

6.10
21.28
23.98
14.32

5.03

4.32

162
179.32
=2.03

-69.10
-9.00

-60.10
-0.335

A direct substitution of stainless steel for depleted uranium
was made in a distributed -:-3- and ;— of the core during the initial clean core
experiments. In drawers loaded as type 1 and 2 (see Table III), a direct
substitution of two columns of stainless steel for two columns of depleted
uranium was affected; in drawers of type 3 and 4, two columns of stainless
steel were substituted for two columns of depleted uranium with an ac-
companying shift of one column of aluminum by one position; in drawers
of types 9 and 10 (seeded drawers), only one column of depleted uranium

was replaced by stainless steel.
measurements as shown in Fig. 10.

The drawer types were arranged for these
In all cases, no depleted uranium was

removed if adjacent to enriched uranium. The results of the substitution
are given in Table XVII.




Table XVII
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RELATIVE WORTH OF DEPLETED URANIUM VS.
STAINLESS STEEL DISTRIBUTED IN CLEAN CORE

Drawer
Loading No. of
Type Drawers

No. of
Columns

Wt of Depleted

Wt of SS Reactivity
(kg) (kg) (Ih)

—;— of Core¥*

[N B N S

Additional
% of Core*

O D WY e

Total —‘lz Core¥*

1

1

1
9
7
0
1

DY = G0 =) 00

22
18
14
20
1
0

75

22
16
14
16
1
2

71

146

-83.0

-78.6

-161.6

*Distributed fraction of the core as shown in Fig. 14.

Mid-radius Annular Ring in Core.

35.1

33.2
68.3

58.8

wn
o
o)

116.9

An annular ring of 28 core

drawers in each half located at an average radius of 11.2 in. was utilized
for a series of substitution

1 2 3 4 5 6 7T & 9 40 1 1213 (4 1516 J7 18 19 202 22 23 24 25 76 27 28 29 30 3I

Symbols

Unchanged -—8=—
Control Rod ¢
BF3 Counter o=
Annular Test £~

wr o+
o5t

HALF

i

S -

=

ot

no Both

N~“Y<X S<EC IO VTOZZFNR--—T&T

measurements.
ers are identified in Fig. 15
by the small circles.
substitutions were made in
the front 5 in. of the drawer
in each half of the assembly,
thus producing an annular
test region in the core, ap-
proximately 2 in. thick and
10 in. high, centered about
the midplane of the core at
an average radius of 11.2 in.
A second column of stainless
steel was inserted in each of
the 56 test drawers, replac-
ing a column of 45% density

These draw-

The

aluminum. This was used as

Fig. 15. Material-substitution Test Regions,

ASSEMBLY NO
20

Interface View of Clean Core.

the reference loading to allow
a larger variation in the stain-
less steel than would have
been available with the single
column of steel per drawer.
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An average of 7 columns of 100% density aluminum were substituted
for a like number of columns of 63% density aluminum in the front 5 in. of
each test drawer to obtain the aluminum worth. Stainless steel, molybdenum,
and zirconium were each replaced by 45% density aluminum. For each
substitution, the remaining materials inthe drawer were those of the ref-
erence loading. Table XVIII gives the results of these tests.

Table XVIII

WORTHS OF VARIOUS CORE MATERIJALS IN ANNULAR RING AT 11.2-IN. RADIUS

Al SS Mo Zr
Number of 5-in., Columns
Changed 388 112 56 56
Material change 100% Al for 45% Al for SS 45%, Al for Mo 45% Al for Zr
63% Al
Weight of material (kg) -13.12 -17.42 -11.72 -7.07
Weight of aluminum (kg) 20.61 2.64 1.32 1.32
Reactivity (Ih):
relative to reference 35.0 -2.8 23.1 -12.7
of aluminum 0 12.32 6.16 6.16
of material 35.0 -15.1 16.9 -18.9
Worth of material (Th/kg) 4.67 0.867 -1.44 2.67

Radial Dependence of Aluminum Worth in Core and Fine Blanket.
At the conclusion of the full-drawer aluminum-substitution measurements
as described in Section V,E,1, half of the core drawers contained 100% den-
sity aluminum with the reference combination of 63 and 45% density alu-
minum in the remaining half of the core. With this loading as a new
reference, the core was divided into four radial regions (see Fig. 15),
and measurements of the aluminum worth were made as a function of
radial position by substituting 45% density aluminum for the 100% density
aluminum.

During this series of measurements, the reactivity lost by remov-
ing aluminum was compensated by the addition of seeded drawers and by
substitution of 100% density aluminum for the 45% density aluminum in the
fine blanket. This provided a measurement of the aluminum worth as well
as the necessary compensating reactivity. However, this procedure may
have introduced an additional effect that modified the experimental values
for aluminum worth in the core, as evidenced by the higher average core
worth obtained in these measurements compared with the value obtained
from the full-drawer aluminum-substitution measurements described in
Section V,E,1. The results of these substitutions are given in Table XIX,
Since region IV involved a large net reactivity change, this substitution was
done in two steps, first Half No. 2 and then Half No. 1; then the average
value obtained.




Table XIX

ALUMINUM DENSITY COEFFICIENT AS FUNCTION OF RADIUS

Core(z)
Fine(3)
Region(1) I i 111 v Blanket
Average radius (in.): 3.90 8.19 11.72 14.50 17.83
Inner -Outer (in.) 1.23-5.64 5.64-10.22 10.22-13.07 13.07-15.63 15.63-18.77
Number of drawers
changed 20 49 43 52 71 71
Weight of Al added (kg) -12.6 -30.2 -26.5 =31.1 33.0 33.0
Reactivity change (Ih) -22.2 -94.9 -125.6 -157.4 80.5 86.9
Worth of Al (Th/kg) 1.76 3.15 4.75 5.07 2.43  2.63
Average worth of Al
(Ih/kg) 4.00 2.53

(])See Fig. 15 for location of regions.
(2)45% Al was substituted for 100% Al in the core.
3)100% Al was substituted for 45% Al in the fine blanket.

F. Inhomogeneity Effects

The use of %-in.-thick columns of highly enriched and depleted
uranium in ZPR-III represents an inherent limitation of this facility in
simulating a large, homogeneous, low~enrichment core. Therefore,
limited quantities of partially enriched uranium (31.3% U%?®) in the form
of %-in.-thick plates and highly enriched uranium (93.2% U?%*) in the form
of f—é-in.-thick plates were obtained to cetermine the reactivity effects
introduced by the use of relatively thick pieces of highly enriched and
depleted uranium.

Two series of experiments were conducted to define these effects.
The first series involved establishing a reference with a uniform drawer
loading. In this loading, two adjacent l-lg-in. columns of U233 replaced the
%-in. column of U?%, Subsequent measurements were then made with
the Ilg -in. columns separated and bunched (1—35 -in.) with no net change in
core materials. The data obtained allowed extrapolation to zero thickness

U?%%, which then represents a completely homogeneous system.

The second series provided for the direct substitution of three ad-
jacent columns of 31.3% enriched U?5 for a three-column sandwich of
%-in. columns, formed by two limiting columns of U%*® and one center
column of U?*®, A uniform drawer loading was also used in the test region
for this series. The 31.3% enrichment was chosen to duplicate precisely
the average enrichment of the combination of the two columns of depleted

49
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uranium and one column of enriched uranium. A subsequent measurement
was also made with the three columns of 31.3% enriched material sepa-
rated or "unbunched." A comparison between the "bunched" U238 ya3s,
U238 and the "bunched" 31.3% enriched uranium provides the necessary
correction to compensate for the use of highly enriched material.

Detailed U?%® and U?*® fission foil traverses were conducted over a
region of minimum flux gradient during each of the above series of meas-
urements to determine the fine structure of the fission distribution in the
region of the uranium columns. Special %-in. plates of U?3® with provisions
for the insertion of foils enabled foil traverses to be made within a plate
as well as between plates.

Enrichment and Bunching Effects. A wedge-shaped portion of the
core extending along the full axial length of the core was loaded with a
uniform drawer loading as a reference. This region, containing 32 drawers
in each half, is shown in Fig. 16. The drawers around the periphery of the
test region were loaded with the uniform reference drawer loading over
the full length of the core region and were not changed during the test
measurements. These "buffer'" drawers were utilized to minimize un-
desirable reactivity changes due to the interaction of core material in the
bunched drawers with the remainder of the clean-core loading.

8 9 1o 11 12 13 14 15 16 17 18 19 20 21 22 23 24

[~
——

-~

Core

—~

Half No.
Both

Assembly No.
20

5 Loading No.

128
1Y

Ted

] R

1

%8 Buffer Region

¥ =2 < © = oW o v o = =
e
]

!

Fig. 16. Test Region for Inhomogeneity Effects

(1) indicates test drawers in Half No. 1
only, Buffer drawers in this position in
Half No. 2.
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The uniform reference drawer loading is shown in cross section
. as configuration A in Fig. 17. The requirement of loading the buffer and
test regions with a uniform drawer configuration resulted in a somewhat
lower uranium density in this region than in the remainder of the core.
Table XX is a comparison of the v/o composition of the test region with
the composition of the remaining core drawers.

HIF H = HE I TH HH
N I - % ! I b | B
sael N5 = H =Rt~ T
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series1 | i EE @ 1| 5 ERE i
g=sl = s = 1EilE =
3=ol R=R M= sHescl R=URERN= =
A B C
SH B : SEERE 7B
A O ] g R ' ? |
SERN 2 % Y ’ )
SRR 3 : ‘ ’
. <4 I o I % 8 ’ A
Series 2 SENNE= % SRR ZHY
41 B il % ? ]
B 8 E‘ i | ’ )
g SaR= § : TaRNs z
115 ; i A%

i

F

U(93.2% 235) U(31.3% 235)

(I35 (1 Moved 6.19% of U5 in Core,

8 A
E u(~0.2% 235) SS (304 Mo EZJAI(100% (2 Moved 5.99% of U235 in Core.

Fig. 17. Drawer Loadings for Inhomogeneity Experiments.

Table XX

COMPARISON OF MATERIALS IN TEST REGION AND REMAINDER
OF CLEAN CORE FOR INHOMOGENEITY EXPERIMENTS

Composition of

Composition of Remainder of
Test Region Clean Core

Material (v/o) (v/o)

U2 4.70 6.09

17238 15.19 18.97

Aluminum 31.30 25.14

Stainless Steel 14.32 14,32

. Molybdenum 5.03 5.03

Zirconium 4.32 4.32
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The various loadings are enumerated and the resulting test data
given in Table XXI. The radial movement of U** in the transition from
configuration A to configuration B (see Fig. 17) in one half was compen-
sated by the opposite displacement of the U?®® in the opposing half. This
is a consequence of the use of the same drawer loading in both halves
rather than having the drawers in one half the mirror image of the draw-
ers in the opposing half. Configuration C, however, involved the shifting

of the * -in. columns of U%¥ to neighboring drawers. The pattern utilized

16

was chosen to minimize the reactivity effect of the net radial movement of

fuel and is shown in Fig. 18. The net effect of this radial movement was
not determined experimentally and could conceivably represent as much
as a 70% increase in the positive reactivity effect of the 1%-in. bunching.
A correction of this magnitude would linearize the data resulting from

configurations A, B, and C.
Table XXI

RESULTS OF INHOMOGENEITY EXPERIMENTS

Test Reactivity Change Test Fraction(2)
Configuration with Respect to of Clean-core
Type Loading {see Fig. 17} Reference Loading, Th Critical Mass, %
12—6-in. U** bunched

(reference) A 0 6.15
£ -in. U**® unbunched B -11.8 6.15
Z -in. U?*® bunched C +21.6 6.15
238-235-238 sandwich D +5.0 5.95
2-in. 31.3% bunched E -11.6(1) 5.95
31.3% unbunched F -27.1(1) 5.95

{(ICorrected for increase of 164 g U?*® with respect to reference. Utilized average
clean core worth of 51.6 ]h/kg U2,

(2)Clean-core Critical Mass = 431.5 kg U®. Critical Mass of As-Loaded Test
core is 434 kg U?*¥, resulting from lower density of uranium in test region.
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The substitution of 31.3% enriched U?*® columns involved a slight
mass change (less than 0.1%) in loadings E and F with respect to D, re-
sulting from the use of differing plate sizes. The data shown in Table XXI
have been corrected for this U?*® increase as noted.

Foil Traverses through Test Drawer Loadings. A 2l-drawer test
region, 7 in. deep in each half, was constructed at the core center in a
manner similar to the preceding axial wedge. The drawers were loaded
in the various configurations with numerous U?¥ and U?*® foils located 1 in.
back from the assembly interface across the width of the central drawers.
Irradiation and counting of these foils provided a detailed raapping of the

relative U?® and U?® fission rates across a single drawer. These traverses

are shown in Figs. 19-23. The U?® and U?%® data have been arbitrarily
normalized at one point and show relative rates only. The U?® fission rate
is not comparable with the U?*® rate.

© =28 FOILS IN iGI6
X = 25 FOILS IN 2018

T R ow B
L

COUNT RATE, arbitrary units
o
I

- - 0 et T'ch e - - =] = 3 -
= N = S8 Risl 5| 2| = FlZ| T = -4
2 B CE BN B ®
Y m o | ™ olo 0
© © 8128 alg| 8 ©
¢} g2 0.4 [oX] 08 1.0 1.2 1.4 1.8

DISTANCE ACROSS FRONT OF DRAWER, in.

Fig. 19. Single-drawer Fission Rate Distribution, Configuration A

© = 26 FOILS IN 2PI5
% = 25 FOILS IN IPIS

COUNT RATE,
arbitrary units
o
I

— - © 0. 0] — — _ P — _
= N 4 @ | I = I E &85 2|3 < @
3 N R R 2] ® N
2] " (o] 2] 2] Evd [} ] [ [\
(] (O] 9 < < ©0 9 @0 @ ©
0.2 04 ce 08 1.0 1.2 1.4 1.6 1.8 2.0

DISTANCE ACROSS FRONT OF DRAWER,in.

Fig. 20. Single-drawer Fission Rate Distribution, Configuration B
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G. Spectral Indices

Central Fission Ratios. A series of central-core fission ratios
were obtained on the clean-core loading with absolute-type fission cham-
bers containing a known quantity of the test material. These detectors
have been described in detail by F. S. Kirn{12) and the method evaluated
by W. G. Davey and R. N. Curran.(13)

Two detectors, one of which contained a known quantity of U?%,
were inserted at the center of the core for each measurement. The second
detector contained a known quantity of the test material, thereby providing
a direct measurement of the fission ratio. The detectors each occupied a
volume, 1 in. deep by 2 in.%, at the front of the two central drawers (P-16).
The leads were brought out axially with the remaining drawer composition
unchanged from the clean core loading. The data obtained from these
measurements are given in Table XXII.

Table XXII

FISSION RATIOS AT CENTER OF CLEAN-CORE ASSEMBLY

Gf(Material)(l)

Material Counter CTf(U235) Average
28 2 0.0356(2) (2)
s 3 0.0345(2) 0.0351
U2 8 0.296(2) 0.288(2)

.288
23t 11 0.280(2)
U233 16 1.517 1.517
Pu?3? 20 1.149
Pu23? 21 1.145 1.147
Py240 12 0.319(2) 0.319(2)

(1)A11 ratios determined with respect to counter No. 5 (U?33).

(Z)These ratios have been adjusted to include the following absolute
fission counter wall corrections implied by Ref. 13:

UZ38 0.92
U234 0.96
Pu?®  0.96

U8 Capture Rate. Radiochemical analyses of irradiated U?%-
enriched and depleted-uranium foils by S. Skladzien provided radial and
axial traverses of the relative U2 capture rates in the clean-core




assembly, as shown in Fig. 24, along with a measurement of the U?*®
capture to U?*® fission ratio at the core center.(14) This value was de-
termined radiochemically to be

5 (28)
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Nuclear Track Plate Irradiations. Four types of nuclear track
emulsions were irradiated at the core center and at the axial core blanket
interface on the core axis. Three plates of each type were irradiated at
both locations. The plates were prepared and developed by J. H. Roberts
of Northwestern University. 15) The emulsion types and estimated expo-
sures are as follows:

nvt,
neutrons/cm- sec

Emulsion

Emulsion Type Thickness, U

H. U?® and U% Fission Rate Traverses

core along a radius at the core midplane.(lé’) The 1-in.-diameter, 20~mil-

L-1 200 0.27 x 10°?
E-1 200 7.2 x 107
E-1 (Li-6 loaded) 200 1.9 x 107
C-2 400 1.1 x10°

Enriched and depleted uranium foils were irradiated in the clean

thick U?*® and 5-mil-thick U?%® foils were wrapped in thin aluminum foil




and inserted inside the drawer fronts such that the plane of the foil was
parallel to the assembly interface. This provided an integration of the
local flux distribution in a single drawer over the area of the foils. Simi-
lar foils placed near the radial core-blanket interface were inserted be-
tween columns of material to obtain a better resolution of the gradient in
this region. As a result of the local flux perturbations in a core drawer,
some variation from a smooth fission rate curve is to be expected in the

core region. However, the fine radial blanket in this immediate region
was reloaded in a relatively

o _ _ e . 1,
0; homogeneous manner with < -in.
S P .
[ "‘W\ﬂ\ columns of depleted uranium,
o 0OPE EDGE .
g o8 " aluminum, and stainless steel to
: e
[ e, produce a smooth local flux
£ o8 NS 3
N tf N gradient for these measurements.
5 % ENRICHED FOILS o
% s < ﬁggaixg&BCI}ESSEJNCCRREC”U’ FOR \\"ﬂ)(.\X .
g N e | The data obtained from
[ e
oz \’m these measurements are shown
] L L z i | N graphically in Fig. 25. Both
o 2 4 [ =) [[s] [F:4 4 (3] i8 20 N .
RADIAL LISTANCE FROM CORE AXIS,m curves are normallzed to unlty

at the core center. The U?3®
curve has not been corrected for
the U%*® content (~0.2% U?*3) in
the depleted uranium foil.

Fig. 25. Radial Fission Rates in Clean
Core at Midplane (Through
P-Row at Interface) (Foils)

Figure 26 is a plot of the ratio Gf(UZ?’B)I/Gf(UZSS) obtained by using
the smoothed curves of Fig. 25 and correcting for the fraction of U?*® in

the depleted foils by utilizing the measured value* o,(U?®)/0¢(U%*) = 0.0381

at the core center and the relation:

Count rate (CR) (depleted foils) « 0.998 o ¢(U?*%) + 0.002 o ¢(U?%*)
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*The absolute fission counter wall correction given in Table XXII has
not been included here.

Radial Variation of c¢(U%8)/5¢(U?%)
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Thus, one obtains

og(U8) 0.0399 | CR (depleted foils) - 0.047 CR (enriched foils)
Q'f(U235) o CR (enriched foils)

I. Reactivity Worth of Hydrogen

A hypothetical accident in which hydrogenous material is admitted
to the primary sodium coolant of the Fermi reactor was simulated in the
clean-core assembly. Measurements were performed by producing a
mockup of a diffused "front" of hydrogenous material progressing axially
through the core and fine blanket in much the same manner as it would in
the sodium stream in the actual reactor. Thin, 2-by-5-in. strips of poly-
ethylene (CH,), weighing an average of 0.777 g each were laid on the
tops of the ZPR-III drawers, with the exception of the 5 control and safety
rod drawers. A total of 155.5 core drawers and 71.5 fine blanket drawers
were involved (see Fig. 7).

The first loading involved placing the 5-in. strips of polyethylene in
the region extending from 15 to 20 in. from the core midplane in one half
of the assembly. This represents a 5-in.-deep region in the radial and axial
blanket immediately adjacent to the cylindrical end of the core. Subsequent
loadings represented 5-in. additions to the hydrogenous front as it approached
the core midplane through the core and fine blanket. The reactivity effect
was assumed to be symmetrical about the core midplane; thus, the meas-
urement was terminated when half of the assembly was loaded with poly-
ethylene from the midplane (0-in.) to 5 in. beyond the core end (20 in.).
The data resulting from these loadings are given in Table XXIIIL

Table XXIII

REACTIVITY EFFECT OF POLYETHYLENE IN
CORE AND FINE BLANKET

Distance of Total Weight of

Polyethylene Polyethylene in Reactivity Change
from Midplane Reactor due to Polyethylene

(in.) (g) (Ih)

20 - 15 176.2 -6.1

20 - 10 354.5 +3.2

20 -5 527.7 26.4

20 - 0 704.7 60.7

A negative reactivity effect of the polyethylene in the radial and
axial end blanket was observed. The polyethylene was removed from the
radial fine blanket, which resulted in a reactivity increase of 37.1 Ih for




the removal of 221 g polyethylene from the 71.5 fine blanket drawers in
half of the assembly. The worth of the polyethylene in half of the core and
one axial end blanket was therefore +97.8 Ih for 483.7 g polyethylene. This
would be expected to increase to +103.9 Ih for the 362.7 g polyethylene in
one half of the core alone by removing the 5 in. in the axial end blanket,
neglecting corner effects.

J. Rossi-alpha Measurement for Neutron Lifetime

A measurement(17) of the value of the Rossi alpha for the Fermi

clean-core assembly was obtained in six runs which yielded the following
results:

Rossi Alpha,
Run 10% sec!

4.61
4.65
4.44
4.55
4.52
4.46
Average 4.55

o~ O R W

Since these runs were all made at 5.5-Ih subcritical, a correction of
-1.8% must be applied to the value of alpha to obtain the delayed critical
value. The uncertainty of the above average is estimated to be T2%. There-
fore, the best value for alpha is

4.47 t 0.09 x 10%* sec”?!

At delayed critical, the neutron lifetime / is
b= B/a

where B is the delayed-neutron fraction and & is the measured Rossi alpha.
Utilizing the value of 0.00687 for £ with an uncertainty of at least 4%, re-
sulting from a 3% uncertainty in the absolute delayed-neutron yield and an
uncertainty of 2% in v, one obtains a value for the neutron lifetime of

0 =15.3510.80 x 1078 sec
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VI. ENGINEERING-CORE EXPERIMENTS

A. Description of the Engineering-core Mockup

The construction of the engineering-core mockup of the Fermi
reactor involved the use of the radial blanket loading of the clean core as
described in Section V,B. The core and axial blanket regions were re-
loaded to duplicate the geometry and composition of the Fermi reactor.
The core geometry was mocked up by loading 15.5 in. of core material in
Half No. 1 and 15.0 in. in Half No. 2. These partial core lengths, together
with the interface dimension, gave a core height of 30.60 in., thus placing
the core midplane 0.250 in. from the interface in Half No. 1. The 3.713-in.
upper and 5.963-in. lower axialendgaps in the Fermi design were simu-
lated in the ZPR-III loading by a 3.500-in. endgap in Half No. 1 and a
6.000-in. endgap in Half No. 2. Measurements were made during the
course of the experimental work to determine the effect of increasing the
3.500-~in. endgap in Half No.1l t0o 4.000 in. to bracket the design dimension
of 3.713 in. The composition of the axial core end blanket was also revised
over the clean-core loading better to approximate that of the Fermi design.
The control and safety rod channels within the core and axial blanket were
initially loaded in slightly off-design compensating positions to simplify
the individual, adjacent ZPR-III drawer loadings. Relocating these chan-
nels in subsequent experiments provided the necessary reactivity correc-
tion on the critical mass.

With the exception of those for measuring the reactivity worth of
the oscillator rod and wave shape, all the experiments conducted with the
engineering core utilized a clean loading, i.e., the mockup control and
safety rod channels contained low-density aluminum only. The presence
of boron carbide in the two central shim and regulating rod channels would
be expected to affect only the local fission rate distribution and the worths
of the mockup fuel subassembly in the central region.

Figure 27 shows the ZPR-IIl assembly loading through the midplane
of the reactor. Figure 28 is an overlay of the ZPR-III loading on the Fermi
reactor geometry. It should be noted that the radial core boundaries of
both the Fermi core and the ZPR-III core mockup are identical. It was
possible to duplicate the cross-sectional area of the Fermi core in ZPR-III
to within -i— in.?2. The area of the Fermi 9l-subassembly core with 10 con-
trol channels is 732.48 in.? compared with the ZPR-III mockup core area
of 732.72 in.%. The total area (72.50 in.?) of the mocked-up core devoted
to control and safety rod channels was within 0.02 in.? of the total area of
the Fermi channels. Figure 29 shows a detailed comparison of the posi-
tioning of the ZPR-III mocked-up control channels and the Fermi control
channels.
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The average dimensions of the matrix cell of the ZPR-III machine
are 2.176 in. vertically by 2.183 in. horizontally, compared with the unit
cell dimension of 2.693 in.? for the Fermi reactor.

Core Composition and Critical Mass. As in the clean-core loading,
the V/O composition of the Fermi reactor did not easily allow a uniform
single-drawer type of loading for ZPR-III. Consequently, it was necessary
to devise a multidrawer unit cell having an average composition as close
as possible to that of the fuel region of the Fermi core. A four-drawer
unit cell was selected, consisting of the drawer master sequence
Nos. 1-2-3-2, as shown in Table XXIV. This average composition was
also distributed as uniformly as possible over the partial core edge
drawers and in the partial core drawers bordering the mocked-up rod
channels. Figure 30 shows the array of these normal drawers as they
were loaded in the assembly. The average aluminum density in the core

Table ZXIV

BASIC DRAWER LOADINGS FOR ENGINEERING-CORE ASSEMBLY
1/8-in. Columns Left to Right Across Drawer Face

Drawer Loading A B C D E F G H { J K L M N 0 P
1 28 63% 100% Zr 28 63% 63% 28 25 63%  SS 100 Mo 63% 28 63%
2 63% 28 25 100% Zr 28 63% S5  63% 28 Mo  100% 28 25 63% 63%
3 28 63% 100% Zr 28  63% 63% 28 25 100% SS 28 Mo 3% 28 63%
4 (Seed) 28 100%  Zr 28 25 63% 63% SS 28 63% 100% 28 25 63% Mo  63%

Normal Unit Cell No. 1 - No. 2 - No. 3 - No. 2
Seaded Unit Cell No. 1 - No. 2- No. 4- No. 2

Code: 28 - U238
o5 - J235
SS - Stainless Steel
Mo - Molybdenum
Zr - Zirconium
% - Refers to aluminum density

g8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

H
[
J 302111213
K 12321 3021123
L 21372012 212032
M 312 % 2|31 |2 ////// 211
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and fine blanket of the engineering-core mockup was increased over that
used for the clean-core experiments as a result of the full-drawer
aluminum-substitution and sodium-substitution experiments with the clean
core. These measurements indicated an equivalence between sodium and
an average aluminum piece density of 71%. An average density of 73%
was achieved at pieces in the engineering-core loading.

In order to alter the available reactivity without changing either
the geometry or the total uranium in the core, it was necessary to use
"seeded" drawers, as was done in the Fermi clean-core experiment.
Seeding was accomplished by replacing a column of depleted uranium in a
No. 3 drawer with a column of enriched uranium, thus making it a No. 4
drawer. The "seeded" four-drawer unit cell has the sequence Nos. 1-2-
4-2. The core, as originally planned with no seeded drawers, shown in
Fig. 30, contained 430.0 kg U?*® and was subcritical by 233.9 Ih. This
was determined by adding 4 seeded drawers worth 257.7 Ih to produce a
clean core which was 23.8 Ih supercritical. By means of the distributed
worth of U%® as determined for the clean core of 51.6 Ih/kg, a clean cold
(17.0°C) critical mass of 434.4 kg U?*® is obtained for the loading as
described. The volume of the engineering-core mockup was 367.3 liters
as compared with the Fermi core volume of 371.5 liters. This resulted
primarily from the reduced height
(30.60 in.) of the mockup. Figure 31

2.3 is a horizontal cross section of the
| =290, ZPR-I1II loading showing the dimen-
Bt sions associated with the axial end
gaps and the axial end blanket. The
19.04— . co:
HalfNo.1 o Upper End Gap [ 1804 detailed compositions of the core,
T control rod channels, end gaps,
=l & etc., are given in Table XXV. A
o = g
_ | Core z |55 comparison of the Fermi engineering-
= Interface £l 5 |2 core design composition and the
= | = 1313 | . . .
E-0— %‘ EHE € critical ZPR-III engineering mockup
@ = = = . . .
= ; £ E |3 % is given in Table II. Because of the
Core & § inventory limitation on the smaller-
sized pieces of depleted uranium, it
Half No. 2 15.04— was not possible to load sufficient
! Lower End Gap |—— —18.0¢ . . .
.04 — blanket material into the coreregion
o to enable the approach to criticality
n . . .
Blanket 280 by replacing blanket material with
2.3 core material at increasing radii.
0 15&7 500 | 3345 Instead, the entire core region was
19.09 28.60 initially loaded with core material,
Radius (In.) except that aluminum replaced the

U2 in a one-drawer annular rec-
tangular section through the K and
U horizontal rows and the No. 11
and No. 21 vertical columns in both

Fig. 31. Dimensions of Fermi
Core A Engineering
Mockup
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halves (see Fig. 27). This produced an initial loading of 311.8 kg U2,
The loading progressed by the substitution of enriched uranium for this

aluminum and the subsequent addition of seeded drawers.

This method

provided a reasonably linear inverse count-rate curve allowing accurate
extrapolation to criticality.

Table XXV

VOLUME PER CENT COMPOSITIONS OF

Core(l)

Safety and Control
Rod Channels

Upper End Gap (3.5 in.)
0(2) - 0.5 in.
0.5 - 2.5 in.
2.5 - 3.5 in.

Lower End Gap (6 in.)
0(2) - 1 in.
1 - 3in.
3 - 4in,
4 - 6 in.
Axial (End) Blanket
Fine Blanket
Medium Blanket

Coarse Blanket
(Region No. 1)

Coarse Blanket
(Region No. 2)

(1) Does not include safety and control rod channels.

FERMI ENGINEERING-CORE MOCKUP

y23s y238 Mo Zr S.S. Al
7.01 21.58  5.04  4.99 14,17 26.93
- - - - 12.38 49,04
- - - - 23.79 (Avg) 40.76 (Avg)
9.01 58.37
14,06 45.26
50.61 22.98
- - - - 21.99 (Avg)  40.07 (Avg)
19.13 53.89
19.50 42,04
45,66 25.24
14,06 38.63
0.06  28.30 - - 18.50 24.14
0.10 45,59  2.55 - 19.50 18.55
0.11 48,70 - - 21.00 13.47
0.11 46.35 - - 16.65 0.86
0.14 59,59 - - 7.31 1.10

(2) Zero in. is taken at axial end of core.

End Gap and Blanket Composition.

The end gaps between the core

and axial end blanket in the Fermi fuel-subassembly design were included
in considerable detail in the ZPR-III engineering-core mockup. Figure 32
shows the details of a typical 15.5-in. core section and the 3.5-in. end gap
in Half No. 1. This represents the upper half of the Fermi core and upper
end gap, plus a portion (19 to 21 in.) of the axial end blanket. Figure 33 is
the detail of the lower 15 in. of the core and the lower 6-in. end gap. The

v/o compositions of both end gaps, neglecting the drawer-end spring gap,

are included in Table XXV.
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Aluminum was used to simulate the zirconium end cap on both ends

of the Fermi fuel pin.

It was assumed that 100% density aluminum was

equivalent to the same volume per cent of zirconium in the region im-

mediately adjacent to the core.

The axial end blankets were loaded into the l1l-in. back drawers of

ZPR-III.

Since both core end blankets have the same geometry and com-

position in the Fermi reactor, the same back drawer loading was used in

both halves of ZPR-III.

shown in Fig. 34. The two adjacent 1 x 1 x 5-in. pieces of 56% density

aluminum in this loading represent the 2.25-in.

¢ sodium-filled flow

A typical loading of a core end blanket drawer is

channel in each Fermi fuel subassembly. There are 139 of these mockup
flow channels; in other words, 278 in.?2 were provided in the ZPR-III

mockup, compared with 91 channels, or 205 in.?, in the Fermi reactor.
A subsequent experiment will be described, which supplied the necessary

Fig. 34

End Blanket Drawer
Loading, Top View

0 —
18—
V4 —
Y2 — 1x1x35 28 over 1x1x5 28over
= 1x1x5 28 = 1x1x5 5§
5 =
lin—||% )
> b
o) ¥
ket >
B NG
B 1x1x5 57% Al over - 1x1x5 57% Al over
1x1x5 51% Al 1x1x5 57% Al
2
| ! | | ! | | | ! |
1 2 3 4 5 6 7 8 ‘; 10




66

correction for this increased streaming area included in the ZPR-III
mockup. Figure 35 is a typical array of the 2-in.? streaming channels as

28 57% Al 28 28 57% Al
3
2 57% Al $S 2 57% Al
4 /
vz g
57% Al 2 57% Al 57% Al 28
s /
K
/
57% Al 28 57% Al 57% Al 28
7z /
vl S
28 57% Al 28 57% Al 28 57% Al
‘7 s
L
ss |smAl | @ ss | sral
15 17
Fig. 35. Arrangement of End

Blanket Streaming

Channels

they were loaded in the mockup. The
streaming channels formed by the two

1 x1x5~in., 57% density aluminum
pieces in the end-gap section of the core
drawers were aligned with the corres-
ponding 57% density aluminum channels
in the 1ll-in. back drawers to produce a
straight line channel from the end of

the core to the outer end of the assem-
bly. The 1l x 1 x 5-in. pieces of stainless
steel were alternately placed in the front
and the back of the 11-in. back drawer

to provide a more homogeneous
distribution.

As a result of the aluminum sub-
stitutions in the fine blanket of the clean
core, the aluminum density in the fine
radial blanket was also increased over
that in the clean-core experiments

better to simulate sodium in this region Figure 36 shows the detailed
loading of a typical fine radial blanket drawer. This is to be compared
with the clean-core fine blanket loading as shown in Fig. 11. The extent
of the fine radial blanket region is shown in Figs. 27 and 31. The remain-
ing radial blanket regions were unchanged as compared with those
described for the clean-core loading.

Fig 36
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Radial Worth of Seeded Drawers For purposes of experiment and

critical-mass determination, it was necessary to obtain a radial worth
curve for the substitution of a seeded drawer (No. 4) for a normal drawer

(No. 3).

This is effectively the substitution of a column of enriched ura-

nium for a column of depleted uranium, corresponding to a net change of
1.051 kg U%*® in Half No. 1 (15.5-in column), or 1.021 kg in Half No. 2 .
(15.0-in column).

There was also a slight redistribution of the material



‘ in the drawer, as seen in Table XXIV. The results of these measurements
are listed in Table XXVI and plotted in Fig. 37 as a function of the average
radial position of the drawer.

Table XXVI 100
GO e ’
RADIAL WORTH OF HAL¥-CORE ,
AXIAL COLUMNS, U?*® FOR U?*® 8 ]
% 70 HALF Nol
Drawer Average Net 8 ol =mweHALF No 2
Number Radius Worth z
(See Fig. 27) (in.) (Ih) i sor
. §40“ HALF No! HALF No2
101':1’(15.5 in.} 2.916 93.5 3 30}~ AM 235 +105kg  +1 07 kg
1L:1lo 8.704 74.2 £ AML,238 —1.06kg ~103kg
1T20 12.324 40.7 o
1K21 15.411 22.2 10—
2P16(15.0 in.) 0 90.8 o 5|> i a's
2015 2916 88.2 DISTANCE FROM CORE CENTER,n
2M17 6.883 79.5 . X
21,16 8.714 70.2 Fig. 37. Radial Worth of Seeded
2K15 11.097 53.0 Drawers in Fermi
2T1z 12.329 39.0 Engineering-core
2N10 13.802 29.6 Loadi
2K11 15.411 21.7 cading
2.3 F
2.0 - 3 . e .
) £ - B. Material Substitutions in
Axial BlanketV = z
3/16 in. void caused by end | 5 @ Blanket and End Gaps
of drawers and sprmgsw g @ ~
a0 ST gl .| & The worths of aluminum and
19.04 2= . .
1508 nd Gap 19.06 | 2 g :ﬁ depleted uranium were determined
2155 |k for the Fermi Engineering Core
E s | . |5|& B Mockup in ZPR-III. The regions
- =| % |&¢ © concerned in this study, as shown
= = % & . .
Core 2 |% in Fig. 38, were:
@ > <
5.0 - s | F _%
£ - 1. An axial blanket consist-
j ing of a region 11 in. in depth sepa-
Gore Center 2 2 S8 & 2 ratedfrom the core by a 3.5-in. end

o Radii, in. gap, 2 in. of unaltered axial blanket
These regions were used 1n the worth studies of depleted uramur and aluminum, 3 - . .
and g in. of void and spring;

Fig. 38. Dimensions of Blanket
and Fermi Engineering-
core Mockup for Blanket
and End-gap Substitutions

2. A fine radial blanket
36.08 in. long, encompassing an
annular region 15.27 to 19.15 in.
from the core center line;

3. A medium radial blanket 32.0 in. long in an annular region
19.15 to 24.0 in. from the core center;
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centered about the core midplane.
in Table XXVII.

4. A medium coarse radial blanket 32.0 in. long in an annular
region 24.0 to 25.94 in. from the core center;

5.  An outer coarse radial blanket 10.0 in. long in an outer radial
region 26.0 to 33.6 in. from the core center.

The radial blanket regions were all concentric with the core and

The results of these loadings are given
The locations of the selected drawers are shown in

Fig. 39. The values presented in Table XXVII are based on a comparison
with an equal volume of void.

Table XXVII

WORTHS OF DEPLETED URANIUM AND ALUMINUM IN BLANKET
OF ENGINEERING-CORE MOCKUP

Composition Weight Reactivity

Loading Change Change Change Worth
No. Blanket Material {v/o) (kg) (Ih) (Ih/kg)
53 Initial Reference Loading 50.5 Th {(Reference) 0
54 Axial of Half No. 1(1) Depleted U 28.3 to 25.9 - 52.8 - 4.8 +0.091
55 Axial of Half No. 1(1) Depleted U 25.9 to 23.6 - 52.8 - 4.8 +0.091
56 Axial of Half No. 1(1) Aluminum 24.1 to 28.8 + 14.94 + 8.2 +0.548
57 Repeat Reference Loading 49.7 Ih {(Reference) 0
58 Fine Radial(2) Depleted U 45.6 to 42.7  -116 -49.3 +0.425
59 Fine Radial(?) Depleted U 42.7 to 40.2  -116 -43.8 +0.378
60 Fine Radial(a) Depleted U 40.2 to 36.8 -160.2 -45.1 +0.281
61 Medium Radial(3) Depleted U 48.7 to 46.3 -147.6 -14.1 +0.0955
62 Medium Radial(3) Aluminum  14.7 to 17.0  + 21.1 +14.3 +0.678
63 Medium Coarse(3) Depleted U 18.8 to 45.7 - 93.2 - 2.3 +0.0247
64 Medium Coarse(3) Aluminum 14.7 to 17.8 + 13.18 + 2.3 +0.175
65 Coarse(4) Depleted U  Negligible -197.4 - 1.5 +0.0076
66 Repeat Reference Loading 49.0 Ih {Reference)

(1
(2
(
(

The fine radial blanket test region is 36.08 in. long.

There is a 3.5-in. end gap plus 2 in. of unaltered axial blanket between the core and this region.

)
)

3)The medium and medium coarse radial blanket test regions are 32.00 in. long.
)

4)This loading was taken over the center 10.0 in. axially of the outside edge of the coarse blanket.
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The engineering-core mockup utilized for these substitutions con-
sisted of 141 full drawers and 36 partial drawers, making an equivalent of
154 full drawers. The axial blanket, which was separated from the core
by a 3.5-in. end gap, consisted of 154 drawers, of which 15 were control
rod channels containing only aluminum and stainless steel. The fine
radial blanket included 64 full drawers and 36 partial drawers. The
medium blanket, which included the medium coarse region, was contained
in 204 matrix channels and the coarse blanket, in 304 matrix channels.

The core volume was 367.3 liters; height, 30.60 in.; equivalent
diameter, 30.5 in.; and the cold critical mass was 434.4 kg U®®. The core
and blanket compositions are given in Table XXV. Figure 38 indicates the
blanket lengths and radii in Half No. 1 of ZPR-III. The core region in
Half No. 2 was 15 in. in length with a 6-in. end gap between it and its axial
end blanket. This was the only difference over the core and blanket
dimensions shown for Half No. 1.
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Measurements of Blanket Worth. Measurements of the worths of
depleted uranium and aluminum were conducted by removing the material
in question and observing the reactivity effect of the remaining void with
respect to a previous reference measurement. Both depleted-uranium and
aluminum worths were determined in the axial and radial blankets. The
aluminum worth was determined by the addition of aluminum in the voids
produced by removing uranium. These results are shown in Table XXVII.
An initial reference measurement and two subsequent ones agreed to
within 1.5 Ih, indicating the overall accuracy of these and other substi-
tution measurements.

1. Axial Blanket

Only the back blanket drawers were used to make the axial
blanket studies. The axial blanket in Half No. 1 extends 2 in. into the back
of the front core drawers, separated from the core by a 3.5-in. end gap.
During the axial blanket substitutions, this 2-in. section remained un-
altered. A typical loading of the 11-in. back blanket drawers used in
these studies is shown in Fig. 34. The locations of these drawers are
shown in Fig. 39. To measure the worth of depleted uranium, onel x 1 x
5-in. piece was removed from the double column from selected drawers
(No. 1's in Fig. 39), alternating between the front and the back of the 11-in.
drawer. The worth of depleted uranium in the axial blanket, 0.091 Ih/kg,
did not change as additional material was removed. The blanket composi-
tion was changed from 28.3 to 25.9 v/o when 52.8 kg were removed in
loading No. 54 (see Table XXVII). The reactivity change was a loss of
4.8 Ih, which was the same as the reactivity loss for the subsequent load-
ing (No. 55) when an additional 52.8 kg were removed.

The worth of aluminum in the axial blanket was determined in
a separate measurement by filling the voids created by the removal of
depleted uranium in the previous loadings. With the addition of 14.94 kg
of aluminum, the reactivity increased by 8.2 Ih, indicating a worth of
0.548 Ih/kg, as shown in Table XXVII. This addition resulted in a com-
position change from 24.1 to 28.8 v/o of aluminum. On this basis, alumi-
num is worth slightly less than depleted uranium in the axial blanket,
since, for a composition change of 4.7 V/O, aluminum is worth 8.2 Th
versus 9.6 Ih for depleted uranium. The axial blanket was restored to the
original loading before the measurements were made on the radial blanket.

2. Radial Blanket

The fine radial blanket extends from 15.25 in. to 19.15 in. from
the core center and is adjacent to the core (see Fig. 38). Figure 36 shows
a typical drawer loading for this region. The worth of depleted uranium
was determined by removing the top 1 x 1 x 3-in. pieces from selected
drawers as shown in Fig. 39 (No. 2's). Alternate drawers had the 1 x 1 x
3-in. depleted-uranium pieces at 0-3,6-9,12-15and 18-21 in. By removing




a total of 392.6 kg in increments of 116, 116, and 160.2 kg, the composition
of depleted uranium was decreased from 45.6 to 42.7 to 36 v/o, respectively.
The loss of reactivity was 49.3, 43.8, and 45.1 Ih, respectively, indicating

a worth for the first loading of 0.425 Ih/kg; of 0.378 Ih/kg for the second;
and of 0.281 Ih/kg for the third. It is evident that the worth of depleted
uranium in this region is strongly dependent upon the uranium composition.

Both depleted-uranium and aluminum worths were determined
in the medium and medium coarse blankets. The composition of these two
regions was essentially the same. A slight difference in loading resulted
from the use of 2 x 2 x 5-in. pieces of depleted uranium instead of four 1 x
1 x 5-in. pieces in the medium coarse blanket. Only the first 16 in. of each
half were altered in these studies. A total of 147.6 kg of depleted uranium
was removed from the medium blanket to effect a reactivity loss of 14.1 Ih.
This yields a worth of 0.0955 Ih/kg of depleted uranium in this portion of
the blanket.

With the addition of 21.1 kg of aluminum in the voids formed
by the removal of the depleted uranium, the reactivity increased 14.3 Ih,
or 0.678 Ih/kg. On a comparative V/O basis, aluminum then has essentially
the same worth as depleted uranium; 3.4 change in V/O produces 14.3 Ih
versus a 14.1-Ih change for depleted uranium.

The worth of either aluminum or depleted uranium decreases
rapidly toward the outer edge of the medium blanket which is the medium
coarse blanket region (see Fig. 38). In the medium coarse blanket, the
depleted uranium is worth 0.0247 Ih/kg versus 0.0955 Ih/kg in the medium
blanket. Aluminum is worth 0.175 Ih/kg versus 0.678 Ih/kg in the medium
blanket.

The studies in the coarse blanket were limited to the region
extending over the first 5 in. from the interface in each half. The worth
of depleted uranium was determined by removing 2 x 2 x 5-in. pieces from
each half in selected matrix channels, as shown in Fig. 39. The experi-
mental worth of depleted uranium was found to be 0.0076 Ih/kg in this
portion of the coarse blanket.

Measurements of End-gap Material Worths. To verify the correct
density of aluminum for mocking up sodium in the end-gap regions, alumi-

num density experiments were conducted over the 3.5-in. end gap in

Half No. 1. The average v/o of aluminum in this region for a normally
loaded drawer, as shown in Fig. 32, is 40.8%. This is to be compared with
an average of 80.0 v/o sodium occurring in this region of the Fermi fuel
subassembly. The aluminum density in this region was increased by sub-
stituting 100% density aluminum for the 45 and 57% density aluminum
normally occurring in this end gap. Figure 40 (which may be compared
with the normal loading in Fig. 32) shows the manner in which this in-
creased density aluminum was loaded in a drawer. The negligible reactivity

71



72

effect of the 2-in.? streaming channels, as described later, was justifica-
tion for the use of increased-density aluminum in the streaming channels
rather than replacing the adjacent —é——in. plates of low-density aluminum.
This substitution resulted in the net addition of 9.08 kg aluminum with a
corresponding reactivity increase of 32.1 Ih, or + 3.53 Ih/kg aluminum.
This indicates a volume-for-volume equivalence of 51% density aluminum
for room-temperature sodium (0.97 g/cm3) in this region. This is iden-
tical with the average aluminum density that was attained in the normal
loading of the 3.5-in. end gap. Thus, no reactivity correction for alumi-

num density in the end gaps is required.

— i i
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Fig. 40. Increased Aluminum Density in 3.5-in.

Upper End Gap (Half No. 1)

C. Spectral Indices

Central Fission Ratios. A series of central-core fission ratio
measurements, similar to those obtained with the clean core, were con-
ducted with the Frermi engineering-core loading. The measuring techniques
and the detectors utilized have been described in Section V,G. The data
from the engineering-core loading, as shown in Table XXVIII, were ob-
tained with the identical detectors used for the clean-core measurements.

Table XXVIII

FISSION RATIOS AT CENTER OF ENGINEERING-CORE ASSEMBLY

ofMaterial (1) JfMaterial (1)
Material Counter o5(25) Average Material Counter 57(25) Average
e > . -(2) 233
e : g 8?2{(2) 0.0324(2) U 16 1.505 1.505
) Pu?? 20 1.133 -
234 274(2) 239 1.137
b 1? gééém 0.270(2) Pu 21 1.141
Py 240 12 0.275(3)  0.275(2)

(”All ratios determined with respect to counter No. 5 (U?35)
{(2)These ratios have been adjusted to include the following absolute fission counter wall

corrections implied by Ref. 13:

U238 0.92
U234 0.96
Pu?t®  0.96




UZ?® Capture Rate. Radiochemical analyses(lo) of U¥%-enriched
and depleted uranium foils irradiated at the center of the engineering-core
assembly yielded the following:

5¢(28)]
_'C_"l: 0.100 * 0.003
0 (25)
3
- core center
and
o (28)]
27 2 0,038 + 0.001
Gf(ZS)

core center

D. Fission Rate Traverses

Fission rate traverses were conducted with the engineering-core
assembly by means of small fission counters(12) containing U2, U®®, and
Pu®*?, which were inserted and remotely positioned in the assembly. These
counters were approximately 2 in. long by % in. in diameter. Unobstructed
travel of the counters was facilitated by inserting a +-in.-diameter thin-
walled stainless steel tube through the ZPR-III assembly, either axially or
radially, at the location desired. The materials surrounding the traverse
tube were loaded to retain the average composition of the local region by
means of small pieces. The outer blanket regions immediately adjacent
io the traverse tube were reloaded with %—in.—thick pieces of uranium,

aluminum, and stainless steel to provide a more homogeneous environment.

The counter to be used for the traverse was remotely selected and posi-
tioned along the traverse tube by means of an automatic counter changer
and drive mechanism. This allowed a large number of points to be taken
during a single run. Each count rate of the sample counter in a given
traverse was normalized to the count rate of a fixed detector in the core
to eliminate any dependence upon power variation during the traverse.

Radial Fission Rates, Horizontally. The %——in. traverse tube was
loaded horizontally through the P-row parallel to the core midplane in
Half No. 1, 1 in. behind the interface, i.e., %-in. from the core midplane.
This location allowed the traverse to be made through the mockup safety
rod channel in P-12, 13, and the mockup control rod channel in P-14, 15,
to the core center and beyond (see Fig. 27). Figures 41 through 44 show
the results of these traverses. Figure 45 is a comparison of the smoothed

curves of these various traverses normalized to the uncorrected fission
ratios at the core center as determined with the absolute counters.
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Radial Fission Rates, Vertically.

are plots of the individual traverses.

These traverses were made by
inserting the —;—-in.—diameter stainless steel guide tube in a similar man-
ner vertically down through the No. 16 matrix column in Half No. 2, at a
point —é—- in. from the interface, i.e., 4 in. from the core midplane. This
traverse thus includes the mocked-up safety rod channel in M-16 and
N-16 and extends beyond the center of the core. Figures 46 through 49

Figure 50 compares the smoothed

curves of these individual traverses normalized to the uncorrected

fission ratios at the core center.
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cating the stainless steel guide tube along the axis of the P-16 drawers in
both halves. This allowed the traverse to be conducted through the lower
end blanket, lower 6-in. end gap, and core. Figures 51 through 54 are plots
of the individual traverses. Figure 55 compares the smoothed curves of
these individual traverses normalized to the uncorrected fission ratios at
the core center.
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Axial Fission Rates, Core Edge. These traverses were made by
inserting the —;_—-in. stainless steel guide tube along the axis of the I-16
drawers in both halves. This placed the fission counters precisely at the
core-radial blanket interface and allowed the traverse to be conducted
along the interface of the radial blanket and the lower axial blanket, the
lower 6-in. end gap, and the core. Figures 56 through 59 are plots of the
individual traverses. Figure 60 compares the smoothed curves of the
individual traverses on the basis of the fission ratios estimated at the
core edge on the midplane from the curves in Fig. 50.
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E. Variation of End~gap Length

The geometry of the Fermi fuel subassembly includes an end-gap
or plenum region at either end of the core, separating the fuel and end-
blanket regions. The lower end gap of 5.963 in. was simulated in
Half No. 2 of ZPR-III by means of a 6.00-in. region plus the —1‘3’5~'1n. spring
gap normally occurring at the end of the 21-in. drawer, as shown in
Fig. 33. This was considered to be a satisfactory representation as a

result of the following variation in end-gap length.

The upper Fermi end gap of 3.713 in. was simulated by means of a
3.5-in. region at the end of the 15.5-in. core section in Half No. 1, as
shown in Fig. 32. To evaluate the reactivity effect of increasing the length
of this region to represent more correctly the engineering design, the en-
tire end gap in Half No. 1 was increased to 4.00 in. by replacing the first
% in. of depleted uranium representing the axial end blanket with an equal
volume of aluminum having an average density of 67%. The total reactivity
change was the loss of one Ih, a negligible result. Consequently, the end-
gap length was returned to 3.5 in. for subsequent experiments to facilitate

drawer handling and loading.

F. Streaming Effect of End Blanket Flow Channels

As noted in Section VI,A, the mocked-up core and blankets provided
an excess of 73 in.? of flow channel over that in the Fermi reactor design.
To determine the necessary reactivity correction for this increase in the
neutron-streaming area, one-quarter of the mockup flow channels
(69.5 in.%) was eliminated by staggering the loading of the uranium and
aluminum, as shown in Figs. 61 and 62. These loadings are to be com-
pared with the normal end-blanket loadings shown in Figs. 32 and 34. The
elimination of the excess streaming channels in one end blanket resulted
in a gain of 2.3 Ih, or approximately a 5-Ih correction for both end blankets
to conform to the Fermi engineering design. This corresponds to a cor-
rection of approximately -0.1 kg U®® in the engineering-core critical mass.

.
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1x1x5-28 Ix1x5-571%Al
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= Ed
lin.— § é
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2in. —! : " . s
0. 1/2in. 5-1/2 in. 11 in.
6 in.

Fig. 62. Staggered Loading to Eliminate Axial End-blanket
Streaming Channel, Back Blanket Drawer

G. Variation of Core Length

Axial Extension of Core. The design length of the Fermi reactor
is 30.950 in. This includes a -;——in. tapered section at both ends of the
fuel pins, resulting from the addition of a swaged zirconium end cap. A
core, 30.6 in. long and uniform in composition, was selected as best
to mock up this geometry in ZPR-III. However, to better evaluate the
reactivity effect of the additional length of the Fermi core, the engineering-
core mockup was lengthened by adding %in. of core material to the
15.5-in. core section. This extension was made with the 4.0-in. end-gap
section in place, thereby increasing the core section in this half to 16.0 in.
and reducing the end gap to 3.5 in. The axial blanket remained constant,
with 1.5 in. of depleted uranium in the back of the front drawers. The
drawer loading for the above conditions are shown in Fig. 63. This change
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over the entire end of the core in Half No.1, including partial drawers,
resulted in a reactivity increase of 122.2 Th. This reactivity change
resulted from the addition of 7.2 kg U?% and 22.2 kg U?® together with
the corresponding quantities of Al, Mo, Zr, and stainless steel, and the
removal of 8.1 kg of aluminum in reducing the gap length, The negligible
effect of increasing the gap length from 3.5 in. to 4.0 in. removes the
need for gap correction.

Axial Fuel Shimming, Constant Mass. The axial expansion of the
uranium fuel pins in the Fermi reactor was simulated in the ZPR-III
engineering-core loading by inserting —31—2—111. aluminum shims between
the butting ends of the enriched and depleted uranium pieces along the
length of the columns. This produced an elongation of the fuel material
with no change in uranium content of the core and a minimum addition of
aluminum. The average density of uranium in the core was lowered, but
the local density obviously remained constant.

The core drawers were rearranged to form +4-in. columns of

uranium, and the drawer spring was moved from the back of the drawer

to the core-end gap interface to prevent movement of the end gap and

end blanket when the shims were inserted. A reference run established
the reactivity of this configuration. Aluminum shims, 71}— X 2 x 3—12—in. s

were then placed at 5-in. intervals along the axial columns to represent
the expansion of fuel. Figure 64 shows a typical drawer with the shims
inserted. Shims were placed only in drawers of Half No. 2 with nine shims
per drawer as shown. About two~thirds of the edge drawers contained
shims.

¢ 3% Al T
100% Al |
3 T 2 I % I
“ — e | Fig. 64
Zr End gap
g; 2: Material . R
- B T i | 28 | Location of Shims
= U ! - ] and Spring Gap in a
$S .
. . LT . _ | 16-Funger Typical Core Drawer
% | ) | 73 1) e for Shim Experiment
637 Al
637 Al 1

Insertion of the shims resulted in a net reactivity loss of 32.3 Ih.
The shims represented an addition of 0.807 kg aluminum. With the worth
of aluminum as 4.24 Ih/kg as determined from the partial drawer sub-
stitution experiments with the clean core (see V,E,2 and Table IX), the
aluminum correction is 3.42 Th. Therefore, the net expansion effect
resulted in a reactivity loss of 35.7 Ih over approximately half the core.
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H. Precise Positioning of Mockup Safety Rod Channels

As noted in the description of the engineering-core assembly, the
control and safety rod channels were loaded into ZPR-III in slightly off-
design, but compensating positions, as shown in Fig. 29. The largest
deviation from design location occurred for the four corner channels
loaded in M,N-13,-19 and R,5-14,-18 (see Fig. 27). The other mockup
channels were self-compensating within experimental error.

To determine the correction for the accurate placement of the
above corner channels, two of these channels were correctly positioned
in Half No. 2 in 2M,N-13,-14 and 2R,S-13,-14, as shown in Fig. 65.
Moving the first mockup channel in toward the center from Z2M,N-13 to
2M,N-13,-14 decreased the reactivity 10.6 Th. The second channel pro-
duced a reactivity gain of 3.8 Ih when moved from 2R,5-14 to 2R,S-13,-14,
for a net loss of 7 Ih for the correct positioning of two of the eight, corner
half-channels. The total for the correct positioning of these channels in
the mockup would then be -27.2 Ih, or a correction of +0.52 kg U®® on the
engineering-core critical mass.
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The worth of the central fuel sub-
assembly was of interest because it
represents the maximum amount of
reactivity that can be added by insert-
ing a fuel subassembly into the core
during loading operations. Since the empty channel would be filled with
sodium, the fuel subassembly was mocked up with a loading similar to the
aluminum-filled safety and control rod channels.
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Location of Fermi Fuel
Subassemblies Mocked
Up in ZPR-III for Worth
Determinations

Figure 67 shows the top view of the P-16 drawer and the top 1-in.
of the Q-16 drawer used to mock up the core section of the central fuel
subassembly. Since it was not possible to use full-length columns of all

materials, some columns contained several materials.
were distributed as uniformly as possible along the length of the core.

The materials

The end gaps and axial blanket regions were also simulated in a similar

manner.

Fig. 67

Drawer Loadings for
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In Table XXIX are compared the amounts of material in the Fermi
fuel subassembly with the amounts actually used in the ZPR-III mockups.
The amounts of stainless steel and zirconium differ because a subassem-
bly with a stainless steel rather than a zirconium fuel-support grid was
used as the model. However, the worths of stainless steel and zirconium
are very nearly the same, so no appreciable error should result.

Table XXIX

COMPARISON OF FERMI FUEL AND BLANKET SUBASSEMBLIES
WITH MOCKED-UP SUBASSEMBLIES IN ZPR-III

Cross- Materials (kg)
Length Sectional
Fuel Subassembly {(in.) Area (in.%) S (LSS 55 Mo Zr Al
Fermi 30.95 7.25 1.978 14.077 3.882 2.173 1.418 -
P & Ql6 30.58 7.13 4.932 14.071 4.192 2.027 1.147 2.512
H & 115, 16 & 17 31.08 7.42 4.954 13.884 4.150 2.158 1.203 2.451
V& WI13 & 14 (19 & 20) 31.08 7.42 5.003 14.025 4.028 2.126 1.225 2.407
Cross- Materials (kg)
Length Sectional
Blanket Subassembly (in.) Area (in.?) Depleted U sSs Mo Al
Fermi 1 7.25 1.009 0.177 0.026 -
ZPR-III Mockup 1 7.42 0.993 0.163 0.030 0.049

The worth of the central fuel subassembly displacing sodium in the
form of low-density aluminum was measured in two ways. The normal
method of using positive period measurements by means of fuel additions
to compensate for the reactivity loss gave a worth of 345.0 ITh. The
method of using subcritical multiplication count rates gave a worth of
347.5 T 10 Th. These measurements were made by stepwise withdrawal of
the simulated subassembly and replacement with low-density aluminum
to represent sodium. Reactivity measurements were made for each step.

Fuel Subassemblies at the Core Edge. The worths of fuel subassem-
blies at the edge of the core were measured. The subassembly mockup in
V,W-13,-14 represents the last fuel subassembly to be added to the
91-subassembly array. The other two mockups in H,I-15,-16,-17 and
V,W-19,-20 represent two fuel subassemblies in the row of interchangeable
blanket subassemblies surrounding the core. A comparison between the
mocked-up and Fermi blanket subassembly is shown on a per-inch basis
in Table XXIX. Table XXX shows the results of the substitutions.

Figure 68 shows the portions of drawers H,I-15,-16,-17 which
contained the subassembly mockup. Figure 69 shows the portions of
drawers V,W-13,-14 and V,W-19,-20 which contained the mockup. The
core materials were distributed in a manner similar to that used in the
central fuel subassembly.




Table XXX

WORTH OF FERMI FUEL VS. RADIAL BLANKET
SUBASSEMBLIES AS MOCKED UP IN ZPR-III

Average
Radius
Location (in.) Worth (Ih)
V,W-13,-14 (C) 14.50 125.2
V,W-19,-20 (B) 15.70 98.1
H,I-15,-16,-17 (D) 16,16 90.4
15 K : 16 : L -0
f
H e -1in.
=2in.
-0
i
!
i =1,
S5 -1-12in.
{
i I fd i ; T -2in.
0 1in. 2. 0 Lédm. 2in.

Fig. 68. Core-Edge Subassembly Mockup in ZPR-III (H,I-15,-16,-17)

1% 20

Fig. 69.

Core-Edge Subassembly
Mockup in ZPR-III (V,
12, W‘l3,-l4 a.ndV,W-l9,-2,0)

0 1in. 2in 0 1in. 12 2.
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J. Fermi Control and Safety Rod Worths

The purpose of this series of experiments was to determine the B!
enrichment necessary to provide a reactivity effect of 0.00316 Ak/k, or
46 cents (142.6 Ih), in each of the two central shim-control rods and
0.00687 Ak/k, or $1.00 (310 Ih), in each of the eight outer safety rods. In
addition to determining the enrichment necessary for an individual rod,
it was necessary to investigate the shadow or coupling effects of one shim-
control rod on the other, as well as the shadow effects between adjacent
safety rods with the shim-control rods in place. The detailed engineering
designs and the ZPR-III mockups of both the shim-control and safety rods
are shown in Figs. 72 through 75.

The experiments consisted, first, of locating both identical boron
carbide shim-control rods in their respective channels in the fully with-
drawn position at the core-end blanket interface, and then stepping first
one rod and then the other rod into the core. This provided the uncoupled
worth of the first rod and the shadowed or coupled worth of the second.

The worth of each rod was then just half the total of these two measurements.

The effect of a change in the B!? enrichment was also measured. The re-
activity measurements were made by means of supercritical period deter-
minations accompanied by the addition or removal of distributed seeded
drawers to remain within the operating reactivity range of the critical
assembly.

The shim-control rods were both withdrawn to the Fermi nominal
operating position (extending from 7 to 17 in. from the interface in
Half No. 1) and remained in this position throughout the measurements of
safety rod worth. The measurements of safety rod worth were conducted
by stepwise insertion of one of the safety rods to obtain the uncoupled
worth. A second rod was then inserted, twice removed from the first
rod, to obtain its uncoupled worth. Shadowing or coupling between alter-
nate rods was assumed to be negligible., A third rod was inserted between
the first two to obtain the coupled worth. The first and second rods were
then covered on either side by the appropriate fully inserted safety rods
and the coupled worth of each was obtained in two separate series of step-
wise withdrawals. As the couﬁling effect between the individual rods in-
creased, the B! enrichment of the rods was increased to retain the total
desired negative reactivity in the rods by replacing the small (+x4x 2-in.)
pieces of natural boron carbide with identical pieces of 90%-enriched B!
carbide. The effect of these incremental enrichments are noted to facilitate
the final adjustment of the B!® enrichment in the Fermi reactor safety rods.

Shim-Control Rods. For the purposes of this set of experiments,
the rod channels in the Fermi engineering core mockup were relocated as
shown in Fig. 70 to obtain better correspondence between the engineering
design and the ZPR-III mockup. This also allowed accurate positioning of




the boron carbide with respect to the engineering design. Figure 71 shows
a cross section of the loading for a typical sodium-filled rod channel.
Figures 72 and 73 show the detailed loadings for a typical position of the
shim-control rod mockup. Weights and volume per cent compositions are
given in Table XXXI. For reference, the rod position is indicated by the
distance between the forward end of the rod (ﬁ--in. stainless steel) and the
assembly interface which, for this case, was %—in. below the Fermi core
midplane. Positive numbers indicate the position in Half No. 1 (upper
portion of core, 15.5 in.) and negative numbers indicate the position in
Half No. 2 (lower portion of core, 15.0 in.).

11 12 13 14 15 16 7 18 19 20 21
" AR G S ITAn
" S</ / M \
° Fig. 70
! S> ¢ _|_ * QS Mockup of Fermi Rod Chan-
a ——Zﬁ?-— | nels in ZPR-III for Rod
2175 Worth Measurements
i N O W /e n
S ST TR T

Fosition of Fermi Rod Channels .
S Safety Rod gzﬂggn‘ of Mockup
C Control Rod anngis

P17 P18

57% Al

SS
45% Al
45% Al
100% Al
45% Al
45% Al
45% Al
1007 Al
45% Al
45% Al
100% Al
45% Al
45% Al
SS

Zr

63% Al
100% Al
63% Al
28

57% Al

Py bbb rr e
o) Lin. 2 0 Lin. 2

Ii——»——-———— Rod Channe! *———‘—-,
Fig. 71. Cross Section of Mockup Sodium-filled Rod Channel

87




38

T fp—————————————NMockup Rod |
P17 P18 !
W’ X 100% Al
] ] NS, <) | 2
i et o
BB B JBR s 100% Al
F | < 0 NS = X dSU)' Al
100% Al 45% Al 100% Al
45% Al R SS i
BRSO N %%__ EEER 2in,
) LD T e = R < g =< < <
2646 in. {72 [ 0 ot O of s < w2l 2] xl
GECESSat PR b e SEEE
160% Al 45% Al 45% Al
SS 100% At
T 25 st T ) 45% Al
e 1,}2\ = 9& 45% Al
ER BRI EY > NI = {’Z’
SQI=D % SRR st [ Al
QO PR 45% Al
2in
2646 in. ZPR T Mockup - 286.30¢ B,C
Fermi Shim Rod & Channel - 239.70cc B4C 70-Vain. x 12 in. x 2 in. Pieces

@ Boron~Carbide

Fig. 72. Comparison of Cross Sections of Fermi
and ZPR-III Mockup Shim Rods

ZPR T Mockup i
sS S sS [ SS
5% Al 63% Al 3% Al I 63% Al
3 45% Al 655 A 3% Al [ 65% Al
100% Al 63% A 3% Al [ 63% Al
45% Al Lot Al Gas" Tube——.
S mnal By o 4 teas” Tube -
5 %Al o et et | |
& 100% Al 100 % Al 100% Al
100% Al 45% Al 45% Al P 45% Al
45% Al i
45% Al
&< act Triha
100% Al - Al “Gas” Tube —>
5% Al | 257 Al [ 5% Al
2 45% Al WHAL | | 1002 Al || 100% Al
% SR
5% AN &\%\&%’é:z’\x / t&’x‘;% g
(BaC o LSRR Al MGas” Tubee] e
= 57% Al o BN LG SRS ;é\ﬁ(}
S 7% A ] 4T Al ] 1 s
63 ALY | 63% Al 55 63% Al
6 Al | 63% Al I 65% Al
o a3n Al | 63% Al i 63% Al _
[ | [ |
V4 in 10-V4 in. 24-14 in.
? 14 in. Fermi Shim Rod 24-14in
|| 110-V4 in, [
Yoid for
Generated Gas—y" (—>
Void ——o/ |j—
void —f [ ——s

Fig. 73. Axial Cross Sections of Fermi and
ZPR-III Mockup Shim Rods




89

Table XXXI

WEIGHTS AND VOLUME PER CENT COMPOSITION OF
MOCKUP SHIM-CONTROL RODS IN ZPR-III

(1) Al SS(Z)

Vol {(ce) wt(g) v/o Wt(g) v/o wtlg) v/o

B,C

10-in. Poison Section 1120.9 620.8 22.2 968.8 32.0 466.1 5.3
14-in. Gas Void Section 1569.2 - - 1662.0 39.2 652.5 5.3

(1)
(2)

Natural Boron Carbide

Does not include stainless steel in drawer and matrix tube.

It should be noted that the 10.0-in. boron carbide section is followed
by a 14-in. mockup gas-void section formed by loading hollow -%— X %-in.-
cross section aluminum tubes (3.12 g/in.) in the same geometry as the
boron carbide. The weights, composition, and dimensions of the boron

carbide pieces utilized in the loading are given in Table XXXII.

Table XXXII

WEIGHTS, COMPOSITIONS,* AND DIMENSIONS OF BORON CARBIDE
PIECES UTILIZED FOR MOCKUP RODS

Natural Enriched NaturaL Enriched
B (a/o) 19.2 90.7 Si0, (w/0) 0.04 0.36
I % 3+ x 2-in. (g B,C) 8.87 8.01 Fe 0.20 0.24
+x 3 x 3-in. (g B,C) 13.15 12.41 Al 0.13 . 0.50
Boron (w/o) 76.98 69.34 Ni _0.10 . 0.10
Carbon 22.56 27.68 Cr L0.50 0.38

*Letter, F. B. Huke, Norton Company to R. A. Wood, Power Reactor
Development Company, dated October 12, 1959.

The following summarizes and tabulates the experimental data:

A total of 70 % x % x 2-in. pieces of boron carbide were loaded in

each rod mockup.

Each rod mockup contained 5 pieces B!%-enriched B,C and 65 pieces
natural B,C.
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First rod inserted from infinity to 163-in. in Half No. 1

(17 in. from interface to front of +-in. stainless steel). = -12 Th
Second rod inserted at 162-in. = - 91Ih
The 5 B'-enriched B,C pieces in each rod removed

and replaced with natural B,C. =+2.9Ih

1. Uncoupled Worth of Shim-Control Rod in P-14,-15

Natural B,C mockup rod in P-14,-15 inserted stepwise with
natural B,C mockup rod in P-17,-18 remaining at 163 in.:

Rod Position B,C Position

(in.) (in.) ATh Total Ih
163 17 0 0
14 % 15 -4.0 -4.0
123 13 -8.2 -12.2
103 11 -12.4 -24.6
8% 9 -17.3 -41.9
43 5 -25.8 -84.9
2% 3 -24.3 -109.2

5 1 -22.3 ~-131.5
-2% -2 -21.5 -153.0
-44 -4 -6.8 -159.8
-6% -6 +0.5 -159.3

2. Coupled Worth of Shim-Control Rod in P-17,-18

Natural B,C mockup rod in P-17,-18 inserted stepwise with
first natural B,C mockup rod in P-14,-15 at —571}- in. (B4,C 5 in. either side of
assembly interface):

Rod Position B,C Position

{in.) (in.) Alh Total Ih
163 17 0 0
123 13 -12.8 -12.8
8% 9 -28.7 -41.5




Rod Position B,C Position

(in.) (in.) Alh Total Ih
6% 7 -20.2 -61.7
4% 5 -22.6 -84.3
23 3 -23.6 -107.9

3 1 -20.1 -128.0

-2% -2 -20.1 -148.1

54 -5 -4.4 -152.5

Average coupled worth of natural B4,C rod from
l16%in. to -5%in. interpolating worth of rod in

P-14,-15 = -156.3 Ih
Replaced 5 —i-x-%— x 2-in. pieces of natural B,C

along 10-in. length of mockup rodinP-14,-15

with equal volume of enriched B,C. Both rods

at -5+ in. = -26.71h

or -5.34 Ih/piece

As above for mockup rod inP-17,-18 with
enriched B,C inP-14,-15 = -27.31h

or -5.46 Ih/piece

Average value for replacing natural B,C
with enriched B,C in both rods at fully
inserted position. = -5.40 Ih/piece

Safety Rods. The locations of the mockup safety rod channels
utilized in these measurements may be seen by referring to Fig. 70.
Figures 74 through 77 illustrate the manner in which the mocked-up safety
rods were loaded to simulate the design dimensions and compositions. The
composition (in v/o) over the various mocked-up safety rods remained
constant with variations only in the B!? enrichment and the material dis-
tribution over the various matrix channels necessary to obtain the correct
geometry. The weights and compositions (in v/o) for a mocked-up safety
rod are listed in Table XXXIII.

A particular point in question in this series was a possible positive
reactivity effect of the hollow stainless steel ram at the forward end of the
safety rod upon initial insertion of the rod into the core. This region of
insertion was investigated in detail. A small positive effect, 1.7 Th, was ob-
served for the safety rod containing natural boron carbide. However, this
was not seen in subsequent measurements using enriched B!? carbide.
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WEIGHTS AND VOLUME PER CENT COMPOSITION OF

Table XXXIII

MOCKUP SAFETY RODS IN ZPR-III

(1)

(2)

B4C Al Ss
Vol (cc) Wt(g) v/o Wt(g) v/o Wt(g) V/O
Safety Rod Ram
0 - 7 in. 28.0 - - 11.9 15.7 128.4  58.4
- 9%in. 1008.8 - - 1096.7 40.3 14356  18.1
95- 9%in. 56.0 - - 23.7 15.7 256.8  58.4
36-in. Poison Section  4035.1 1197.2  11.9  3806.6 349  2240.4 7.1

(1)
(2)

Natural Boron Carbide

Does not include stainless steel in drawer and matrix tube.
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The reference for the safety rod position was again chosen at the
assembly interface with distances measured to the front of the ram and to
the front of the B,C as indicated. The safety rods are normally fully with-
drawn from the upper axial end blanket (Half No. 1) during operation of the
Fermi reactor. Only that portion of the boron carbide residing within the
core and end blanket was mocked up during the stepwise insertions.

The following summarizes and tabulates the experimental data:

1. Uncoupled Worth of Safety Rod in M,N-16

When fully inserted, this rod contains 135 L+ x1x2-in. pieces
of boron carbide along 36-in. length.

Both natural B,C shim-control rods positioned at nominal
operating position (6% in. from interface).

Safety rod initially consists entirely of natural B C.

Ram Position B,C Position Length of B,C

(in.) (in.) (in ) ATh Total Ih
214 - 0 0 0
17% 274 4 0 0
134 23+ 8 +1.7 +1.7

9% 19 12 -1.7 0

5+ 15 16 -5.7 -5.7
1% 11 20 -12.7 -18.4
-2% 7 24 -21.9 -40.3
-6 3 28 -30.2 -70.5
-9% 0 31 -24.9 -95.4

-12% -3 34 -24.0 -119.4
-16% -7 36 -27.6 -147.0

-20% -11 36 -19.0 -166.0

-27% -18 36 -11.2 -177.2

Replaced natural B,C with B!® enriched B,C in fully inserted
rod in M,N-16:

ATh Ih/piece

9 4£x%+x2-in. pieces in last 6 in. on either end
of rod (12 in. to 18 in. from interface). -12.4 -1.388

6 L x+x2-in. pieces (8 to 12 in.) -26.9 -4.485




6741: ;x.?.-in.
3 % ;xZ—in.
3 % ;xz—in.
9 %x_;-x‘?.-ln.

pieces (4 to 8 in.)
pieces (2 to 4 in.)
pieces (0 to 2 in.)

pieces uniformly distributed

over 36-in. length of rod

Total uncoupled worth of enriched mockup safety rod inM,N-16:

1.

1
99 X

1
z
S
2

x 2-in. pieces B!C

= -304.81h

x 2-in. pieces B,C

ATh Ih/piece
-27.5 -4.583
-16.2 -5.40
-15.9 -5.30
-28.7 -3.19

2. Uncoupled Worth of Safety Rod in P-12,-13

Above enriched safety rod fully inserted in M,N-16.

Both natural B,C shim-~control rods in nominal operating

position (6%

in. from interface).

Final enrichment of previous rod used for this insertion at

P-12,-13:

36
99

S N

X
X

1
2
L
2

Ram Position

B,C Position

x 2-in. pieces B°C
2

-in. pieces B,C

Length of B,C

(in.) (in.) (in.) Alh Total Ih
+21% - - 0 0
++ 10 21 -32 6 -32.6
-2% 7 24 -22.2 -54.8
-6% 3 28 -39.8 -94.6
-8% 1 30 -22.6 -117.2
-13% -4 35 -52.6 -169.8
-17% -8 36 -33.4 -203.2
-27% -18 36 -27.6 -230.8
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Replaced natural B,C with B!? enriched B,C in fully inserted .
rod in P-12,-13:

ATh Th/piece

12 7 x 3 x2-in. pieces 0 to 18 in. in Half No. 2 -31.0 -2.58
13 5 x+x2-in. pieces 0 to 18 in. in Half No. 1 -30.2 -2.32

Total uncoupled worth of safety rod in P-12,-13:

60
75

X = x2-in. pieces B;OC

= =291.9 Th.
X

LN RN T
o) = paf e

x2-in. pieces ByC

3. Coupled Worth of Safety Rod in M,N-13,-14

The two rods (P-12,-13 and M,N-16) adjacent to this position
fully inserted with above final enrichment.

Both natural B,C shim-control rods at nominal operating
position (6% in. from interface).

Final enrichment of preceding rod used here:

11 . )
60 7 X 3 X2-in. pieces BiOC

1 1 . .
15 x5 x2-in. pieces B,C

Ram Position B,C Position Liength of B,C

(in.) (in.) (in.) ATh Total Ih
214 - 0 0 0
131 23 8 0 0

1} 11 20 -27.9 -27.9
-23 7 24 -31.4 -59.3
-63 3 28 -44.0 -103.3

-11% -2 33 -60.6 -163.9

-173 -8 36 -63.5 -227.4

-273 -18 36 -38.8 -226.2
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Replaced natural B,C with B!® enriched B,C in fully inserted
rod in M,N-13,-14.

ATh Ih/piece

13 %x% x 2-in. pieces of B’C

0 to 18 in. in Half No. 1 -26,7 ~-2.05

11 %«;‘X% x 2-in. pieces of B{’C

0 to 18 in. in Half No. 2 -23.0 -2.09

Total coupled worth of safety rod in M;N-13,-14

84 % XZ in. pieces BiOC
1 = -315.8 Ih
TXT

> x 2-in. pieces B,C

4. Coupled Worth of Safety Rod in M,N-16

The two adjacent safety rods, M,N-13,-14 and M,N-18,-19 fully
inserted and each contain:

1

84 7x2—in° pieces BiOC

o
1
1 i— xZ ~in.pieces B,C

un

Both natural B,C shim-control rods at nominal operating posi-
tion (6% in. from interface). M,N-16 initially fully inserted with:

36 4x2x2 in. pieces B.’C

99 :}-x L x2-in. pieces B,C

Replaced natural B,C with B'% enriched B,C in fully inserted
rod in M,N-16:

9 +x+x2-in. pieces distributed uniformly along rod = -23.8 1Ih
or -2.65 Ih/piece

For stepwise withdrawal, rod now contains:
45 %x%—x 2-in, pieces BiOC

90 7 x—-—xZ -in. pieces B,C
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Rod Position B,C Position Length of B,C

(in.) (in.) (in.) Alh Total Ih
-27% -18 36 0 0
-19% -10 36 22.1 22.1
-15% -6 36 32.9 55.0
-11% -2 33 45.5 100.5
-6% +3 28 63.0 163.5
-2% +7 24 43.4 206.9
+14 +11 20 34.2 241.1
+214 - 0 29.8 270.9

Total coupled worth of safety rod in M,N-16:

45—;x-12—-x2-in. pieces BZOC
L1 = =270.9 Ih
90 zx5-x2-in. pieces B,C

5. Coupled Worth of Safety Rod in P-12,-13

The two adjacent safety rods M,N-13,-14 and R,S-13,-14 fully
inserted and each contain:
1

1
84 -Zx—

. . 10
> 2-in. pieces By C
1

51 é—xfxz-in. pieces B4C
Both natural B,C shim-control rods at nominal operation posi-
tion (6 % in. from interface), P-12,-13 initially fully inserted with:

Ll - BLO

7 X3 ¥<"in. pieces B,"C
11 . .

7 X3 x2-in. pieces B,C

60
75

Replaced natural B,C with B!® enriched B,C in fully inserted
rod in P-12,-13:

24 -}z-x%xz-in. pieces BiOC distributed uniformly along rod = -45.7 Ih
or -1.905 Ih/piece

@




Rod

For stepwise withdrawal, rod now contains:

84
51

2

N

2

Position

(in.)

-27%
-193
-153
-11%
—6%
_2%
+lg

+214

X + x 2-in. pieces B;°C

X + x 2-in. pieces B,C

B,C Position

Length of B,C

(in.) (in.) Alh Total Th
-18 36 0 0
-10 36 +19.7 +19.7
-6 36 34.4 54.1
-2 33 49.5 103.6
+3 28 67.1 170.7
+7 24 50.1 220.8
+11 20 36.1 256.9
- 0 31.4 288.3

Total coupled worth of safety rod in P-12,-13:

84
51

X

X

S N
) e

x 2-in. pieces B;°C

x 2-in. pieces B,C

- 288.31h
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VII. OSCILLATOR ROD REACTIVITY WAVE SHAPE
AND TOTAL WORTH

A, Rotating Poison Rod

An eccentric B!® carbide oscillator rod was fabricated to simulate
the dimensions and composition of the oscillator rod to be installed in the
Fermi reactor. Figure 78 shows the cross
section and dimensions of the oscillator

|

' 2.00 . ] .

D 1.86 . rod mockup. Aluminum was used to simu-

Ho=— H; §2~“””*m“ late the sodium in the cooling channels of
e 10000, el the actual rod. The enriched B!® carbide to

be used in the operating rod in the Fermi
reactor was supplied for this experiment.
| The oscillator rod mockup contained
468.6 g of B,C (including impurities),

5.30 kg stainless steel, and 0.94 kg alumi-
num. The stainless steel jacket weighed
1.67 kg. An analysis of the boron carbide
is given in Table XXXIV.
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1.:13 n. Table XXXIV

i ANALYSIS* OF ENRICHED BORON CARBIDE
’ FOR FERMI OSCILLATOR ROD

B3 Boron Carbide 0.923 . OD; 0.525 in. 1D; B! (a/0) 92.0 Fe,0;(w o) 0.20

31.25 in. fong. Boron (w/o) 61.66 ALO, 1.34

Al Carbon 20.76 T10, 0.28

INNN A W 14.70 CaO 0.05

510, 0.81 MgO 0.05

Fig. 78. Fermi Oscillator *Letter, F. B. Huke, Norton Co. to R. A, Wood, Power
Rod Mockup Reactor Development Co., dated June 15, 1959,

The objectives of the experiment in ZPR-III were:

1. to determine the reactivity effect of the oscillator rod versus
sodium in an outer safety rod channel (P-12,-13 or P-19,-20); and

2. to determine the wave shape and peak-to-peak worth of this
rod at the position of the safety rod channel in the Fermi core.

Unfortunately, the late delivery of the boron carbide at ZPR-III
prevented the inclusion of this experiment in the Fermi engineering-core
mockup. Consequently, to better simulate the engineering core con-
ditions in a subsequent repeat of the clean-core assembly, the shim-
control channels were mocked up in P-14,-15 and P-17,-18, together with
the two natural boron carbide shim-control rods at the nominal operating
position, i.e., extending from 7 to 17 in. from the interface in Half No. 1.
The wave shape and peak-to-peak worth of the full oscillator rod were
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also obtained with the mocked-up shim-control rods fully inserted. The
safety rod channel was mocked up initially in P-13 (6.55-in. average radius)
and subsequently in P-12 (8.73-in. average radius) to bracket the 8.08-in.
radial dimension of the Fermi safety rod channel. This channel mockup
(2x2 in.) contained 50.56 v/o aluminum, or 106.22 g Al per axial in. of
channel, to simulate sodium. The remaining safety channels were not
mocked up. The total worth of the oscillator rod versus the aluminum-
filled channel was found to be ~206.8 Ih in P-12 and -260.5 Ih in P-13 with
the 2 shim-control rods at the nominal operating position.

The wave shape and peak-to-peak worth of the oscillator rod was
determined by statically positioning the rod with a remotely controlled
drive motor and noting the period of the reactor. The angular position of
the rod with reference to an arbitrary zero was indicated by a selsyn
motor-generator hookup. The position accuracy of the selsyn indicator is
estimated to be within *1 degree and the error of the reactivity measure-
ment to be within +0.2 Ih.

The data obtained for the oscillator rod in channel P-12 are given
in Table XXXV and plotted in Fig. 79. Table XXXVI lists the data result-
ing from the measurements in P-13. These data are plotted in Fig. 80.
All measurements are summarized in Table XXXVII.

Table XXXV

FULLY LOADED OSCILLATOR ROD IN P-12

A. Shim-control rods at 7-17 in. from B. Shim-control rods 5 in, either side
assembly interface in Half No. 1 of assembly interface
Angular Position Angular Position
(degrees) Ak/k (Ih) (degrees) Ak/k {Ih)
104.0 39.4 150.0 38.1
150.0 36.2 193.5 30.5
196.0 28.7 240.0 22.8
240.5 20.5 284.0 19.5
288.5 17.1 330.0 22.4
331.5 20.4 1z2.5 29.7
13.5 27.9 59.0 37.4
60.5 36.1 105.5 40.6
105.5 39.7 148.5 38.1
151.0 36.6 239.0 22.9
197.0 28.3
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Table XXXVI

FULLY LOADED OSCILLATOR ROD IN P-13

A. Shim-control rods at 7-17 in. from B. Shim-control rods 5 in. either side
assembly interface in Half No. 1 of assembly interface
Angular Position Angular Position
(degrees) Ak/k (Ih) (degrees) Ak/k (Ih)
114.0 38.8 110.5 30.2
152.0 35.8 152.0 27.7
199.5 29.6 198.5 22.4
246.5 24.1 246.5 16.8
288.5 22.3 291.0 15.5
336.5 25.9 335.5 18.8
21.0 32.3 17.0 24.1
64.0 37.2 62.5 29.0
109.0 39.3 112.5 30.6
155.5 36.0 155.0 28.7
30}

155—307=i521h

1855° 2311h
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Table XXXVII

PEAK-TO-PEAK WORTH OF FULL OSCILLATOR ROD

/_\.k/k (Ih) (Shims at

Ak/k (Ih) (Shims

Full Oscillator Rod at: Operating Position) Full-In)
P-12 (8.73 in.) 22.5 21.2
P-13 (6.55 in.) 16.9 15.2

Design Location (8.08 in.) ~20.8 ~19.4

An additional measurement of rod worth and wave shape was made
with a reduced length of B'? carbide. This was done by removing approxi-
mately 9% in. of B'® carbide from either end of the 31% in. rod, leaving
12% in. of B! carbide centered about the midplane of the core. This pro-
duced a peak-to-peak worth of 10.0 Ih in P-13 and 12.8 Th in P-12. Both
measurements were made with the shim-control rods in the nominal op-
erating position only, (7-17 in. in Half No. 1). This would indicate a worth
of 12.0 Ih at the design position for this length of 90% enriched B!° carbide.
The detailed wave-shape data for this partial rodare givenin Table XXX VIII
and plotted in Fig. 81.

Table XXXVIII

PARTIAL OSCILLATOR ROD IN P-12
(Shim-control rods at 7-17 in. from assembly interface in Half No. 1)

Angular Position Angular Position

(degrees) Ak/k (Ih) (degrees) Ak/k (Ih)
108.5 39.9 338.0 28.5
151.0 38.7 24,0 33.5
202.0 33.7 68.5 37.7
244.5 29.3 108.0 39.5
288.0 27.3 243.0 28.5
l
i 270~= 328212 81 {
40
Pm 234
g 30+ 235° 204° e st 225°
3 L Fig, 81

PARTIAL OSCILLATOR ROD (12%mn)
SHIM-CONTROL RODS AT CRERATING FOSITION (62m)

n
[e)

Wave Shape of Partially
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o 40 80 120 160 200 240 280 320 360 a0
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B. Streaming Oscillator Rod .

The possibility of utilizing a neutron-streaming-type oscillator rod
was suggested by APDA.(6) This oscillator rod would be constructed some-
what like a semicircular variable electrical condenser which would vary
neutron leakage or streaming by alternately opening and meshing the plates.
This mechanism was simulated by first emptying that portion (—g‘—) of the
mocked-up safety channels which occurred in R-14, thus providing a
through-hole or void in this channel in both the core and end blankets. It
wasg believed that this position would give the maximum difference in
streaming worth and be equivalent to the safety rod channel nearest to the
core center occurring at R,S-16.

The open position of the mechanism was simulated by loading the
21-in. core drawer in each half with ZXZX%-in. pieces of stainless steel
loaded transversely and spaced %-in. apart by means of two Zx%x%—in.,

45%-density aluminum pieces,
as shown in Fig. 82. This rep-
P resented the most reactive sit-
1 s uation. The back drawers were
oy omitted from each half in this
| channel, providing a 2-in.-
: tn 2w sguare void channel on both ends

front View  Closed Posrten tstrcameg

D755 2 <omsldm FSNdsT A 18im €12 m <2 of the 42-in, oscillator section.
o — The least reactive or meshed
position was simulated by re-
N E @ loading the same material in
120 _(* : both drawers such that the
L A%m PR al /;s‘.»n LA stainless steel formed a solid
Side View - Oven Postton reduced streamng " axial section 1x2in. in cross
section along one side of the
drawer. The aluminum spacers
Fig. 82. Mockup Streaming Oscillator were loaded along the bottom
% in. of the remainder of the
drawer. A cross section of this closed or meshed loading is also shown in
Fig. 82. In this case, a continuous axial void with cross-sectional dimen-
sions of 1 by 1.5 in. was produced through the core and both end blankets.

S

1 -

12w —

b4

g

BN

The reactivity difference observed between the above two conditions
for one matrix channel (R-14) was 6.6 Ih.
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VIII. APPLICATION OF CRITICAL EXPERIMENT DATA

A. Clean-core Experiments

The clean-core critical studies of the Fermi Core A program have
provided extensive data for the verification of analytical techniques for
dilute fast reactor systems. The utilization of a homogenized cylindrical
core and a uniform blanket composition provides a simplified geometry
for analysis and was therefore used for the major portion of the Fermi
Core A program. Typical applications of the data are as follows:

1. Verification of cross-section sets and analytical methods for
critical-mass and flux-distribution calculations.

2. Application of distributed reactivity coefficient data to com-
pensate for minor differences between the engineering-core
loading in ZPR-III and the final Fermi Core A design.

3. Application of central reactivity coefficient data to evaluate
regional versus perturbation-type calculations.

4. Application of the fuel-bunching measurements to evaluate the
validity of using—é— ~-in.-thick plates of highly enriched and de-
pleted uranium to represent a relatively homogeneous array
of lower enrichment fuel.

5.  Application of distributed reactivity coefficient data to obtain
the parameters contributing to the net isothermal temperature
coefficient.

6. The sodium-substitution test data provided additional informa-
tion concerning the validity of an aluminum representation of
sodium for fast critical studies. Test results also indicated
the need for more extensive sodium loadings to define ade-
quately the distributed and local density coefficients of sodium.

B. Engineering-core Experiments

The engineering-core critical studies of the Fermi Core A program
were intended to provide data for specific characteristics of the final Fermi
design and to investigate any major differences between the homogenized
clean core and the geometrically detailed engineering core. The primary
purpose of the engineering-core assembly was to obtain critical mass, i.e.,
fuel enrichment, and control rod worth, with the remaining portion of the
engineering-core studies devoted to incidental effects. The analyses of
both the clean-core and engineering-core critical studies have been re-
ported in detail by others. 3,18,19,20) Typical design and operating char-
acteristics obtained from the engineering core data are as follows:
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Fuel enrichment required for criticality of the Fermi design
core under operating conditions of temperature and burnup.

Boron-10 enrichment required in the control and safety rods
to provide the desired reactivity control.

The worth of a design Fermi fuel subassembly at the core
center and at various locations at the core edge.

The power distribution throughout the core and at the inner
edge of the radial blanket where high-temperatures result
from the reduced coolant flow of the blanket.

The fuel-expansion effect contributing to the net isothermal
temperature coefficient was determined with the engineering-
core assembly with the axial core-blanket end gap included.

The total and peak-to-peak worth of the enriched boron-10
carbide oscillator rod at its operating position.

The reactivity effect of neutron leakage through the sodium-
filled flow channels in the axial end blankets.

&
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