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ABSTRACT

This report covers the experimental work performed
on ZPR-II from its start-up in March, 1952, to January,
1953. The building, reactor, and experimental facilities
are described; the experimental techniques and data are
presented;fwé"ﬁd’ the results are analyzed for correlation
with the CP-6 Savannah River neutron producer program.
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RESULTS OF THE THERMAL
ZERO POWER REACTOR-II PROGRAM
THE SAVANNAH REACTOR PROTOTYPE

SUMMARY

The Thermal Zero Power Reactor Assembly - II (ZPR-II) is an in-
termediate experiment between initial design studies and the final operation
of the Savannah River neutron producer (CP-6). The objectives of the ZPR-II
program were to study: (1) the technique of achieving a flattened zone and
the peculiarities of such a zone; (2) the effectiveness and design limits of the
control system to be used in CP-6; (3) the power variation within the fuel
elements; (4) the basic lattice constants and detailed flux patterns; and (5) the
operational characteristics of this type of reactor.

The analysis of the ZPR-II results also serves to check the assump-
tions and calculational methods used in determining the design for CP-6.

ZPR-Il is in the same building as the ZPR-I facility at Argonne Na-
tional Laboratory. The two can be operated simultaneously.

The reactor core is ten feet in diameter and nine feet high. The lattice
is similar to that to be used in CP-6., Control of the reactor is accomplished
by seven CP-6 type control bundles or by adjusting the D,O level.

Some general conclusions from this work are: (a) the physics of this
kind of reactor is now quite well understood, so that theoretical evaluations
can be made with assurance, aided by small-scale experimental tests; (b) the
flattened zone of the reactor is very stable, and large local perturbations can
be introduced to take care of any local situations without affecting the over-
all operation of the reactor; and (c) mechanical deviations in dimensions or
quality of reactor components will not seriously affect the flux pattern.

1 INTRODUCTION

The CP-6 reactor is a natural uranium, heavy water cooled and moderated
reactor, designed for plutonium and excess neutron production at Savannah
River. Its design has evolved from initial theoretical studies, exponential
experiments, and other integral reactor experiments to a basic lattice design
of uranium rod clusters spaced seven inches in a triangular pattern with con-
trol clusters located in hexagonal centers. The fuel element that was adopted
is a four rod clump, or quatrefoil, of 1-inch diameter aluminum-clad urani-
um rods. The control element is a septafoil containing seven 0.8-inch diam-
eter lithium-aluminum or cadmium rods.
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Upon selection of the basic design, additional experimental information
was needed for efficient and early start-up of production scale reactors. To
meet these requirements a zero power reactor project was initiated. This
report covers the subsequent experimental program and design of the critical
assembly as well as an analysis of the data obtained during nine months of
operation.

1-1 Historical Background

1-1.1 Exponential Tests:

The significant advantage of the exponential experiment for
preliminary studies of lattice constants is the great flexibility of the lattice
structure. By a few changes of the grid configuration, it was possible to in-
vestigate many combinations of spacing and clumping.

The exponential assembly consisted of a 5-foot diameter,
5-foot high tank, mounted on top of the CP-2 graphite thermal column. Fuel
elements were l-inch diameter uranium rods 5, feet long, that were spaced
by top and bottom aluminum grids. Approximately 7000 pounds of D,O mod-~
erator could be blown with helium from a storage tank into the exponential
tank prior to measurements. Indium foils were used in special foil holders
to make axial and radial flux traverses.

The multiplication constants for various lattice configura-
tions were determined to refine production estimates. Axial and radial flux
traverses were taken to determine the buckling of proposed lattices. The
diffusion area was found from detailed cell traverse measurements. From
independently obtained values of the age and diffusion constant, K for the
lattice was calculated from the three-group equation. Preliminary control
studies were made from buckling measurements taken for various patterns
of lithium and cadmium control rods. Efforts were made to determine the
diffusion constant of neutrons in heavy water. The exponential technique was
used to measure 1/L? in heavy water before and after the addition of a meas-
ured quantity of a strong absorber, either homogeneously (B solution) or
heterogeneously by means of loading the lattice with Pb-Hg rods.

1-1.2 CP-2 Tests:

In order to place heat flux estimates on a firmer basis, the
flux gradients throughout a fuel slug-spacer combination were measured from
irradiations made in a CP~2 graphite stringer. Control systems were esti-
mated by comparing the effects of various control configurations on the re-
activity of CP=-2

3
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1-1.3 Need for ZPR-~II: i

4

From the results of the exponential experiments it was pos-
sible to freeze the basic lattice structure and obtain preliminary control rod
information; but it was impossible to fix design specifications for the control
system. In addition, it was not possible to obtain information pertinent to
the kinetics of the system. The limited size and neutron flux of the exponen-
tial prevented measurements of the power variations within a fuel assembly.
Small reactivity perturbations could not be measured by the convenient danger
coefficient technique. To obtain the additional information, a critical assembly

was necessary.

1-2 Outline of Work Covered by ZPR-II

1-2.1 Objectives of the ZPR-II Program

Lo,
The basic purpose of the critical assembly program was to

obtain the preparatory information necessary for efficient and early production
by the CP-6 reactors. Specifically, experimental data was needed to determine:

(1) the technique for achieving a flattened zone, and the
peculiarities of such a zone,

(Z) the effectiveness and design limits for the control system,
(3) the power variation within a fuel element,
(4) lattice constants and detailed flux patterns, and

(5) the operational characteristics of the reactor.

In view of a tight time schedule and the limited quantity of heavy water avail-
able, the critical assembly was to provide a regional mock=-up only of the

CP-6 core. Experimental results not directly applicable were to be projected
by theoretical scale factors of sufficient accuracy to provide the information
needed for design purposes. A comparison of the critical assembly dimensions

with those of the production reactor is made in Table 1-2.1.
1-2.2 Work Covered by the ZPR~II Project

For the most part, the ultimate utilization of the experimental
results obtained during the critical assembly program was to answer a num-
ber of specific design questions. An outline of the topics that served to orig-
inate the individual experiments performed best illustrates the scope of critical
assembly program. Later sections of this report will describe the experimental
procedures used and analysis of the data obtained.
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Table 1-2.1

ZPR-II AND CP-6 COMPARISON CHART

ZPR-11 CP-6

Tank Size

Inside Diameter 10"1" 16'2-3/4"

Height 10'9" 15'2"
D,0O Necessary to Fill Tank 25 tons 100 tons
Q-foils

Number of Positions Possible | 253 673

Number Used in Lattice 234 606

Length of Foil 111-11/16" 168"

Diameter (maximum) 3-23/64 " 3 -23/64"

Finned tube length 112" none
Control Positions

Number of Positions Possible | 13 (plus 6 61 (plus 6

open positions) | gas tubes)
Number in Lattice 7 61

Composition

Length

S-foil length

S-foil outside Diameter

Fuel Rod Spacing, c. to c.

Control Rod Spacing, c. to c.

Fuel Slug

Length
Diameter
Spacer Length

Control Slug

Length
Diameter
Spacer Length

Safety Rod Core

Length

Width

Diameter

Cadmium Thickness
Number of Positions

3-1/2 % Li-Al
102-1/4"
113-13/16"
3-1/2"

1.37"

1.12"

8 1"
1.00"
0.370"

10.26"
0.808"
0.240"

102-1/2"
4-15/16"

3-1/2 % Li-Al
168"

168"

3-1/2"

1.37" (center off-
set 0.025" toward
center of Q-foil)

1.12"

8.4" (canned)
1.00"
none

10.50"
0.808"

none

168"
0.750"
0.040"
66
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g The original objectives of the program were saf
the exception of a determination of the “rooftopping” effects. I

’ a true mock-up was impossible because of the height limitation |
cal assembly core.
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Establishment of a flattened zone

1) The necessary control rod configuration
2) Size, flatness, and boundary effects
3) Stability with respect to control rod perturbations

Contrel Rod system design

1) Control rod effectiveness

2) Feasibility of automatic reactor control with the
central contirol position

3) Number and distribution of rods necessary for
automatic conirol

4) Need for and effectiveness of trim control

5) Effect of lithium concentration variation

6) Magnitude of hot spots near the ends of half-length
rods

7) Effect of ganged controls getting out of phase

8). Effect of unequal control rod insertions

9) Effect of control rod withdrawal order

Power distribution in the fuel element

1) Magnitude of Wilkids effect

2) Effect of slug alignment within a Q-tube

3) Orientations of Q-tube with respect to control
positions

4) Effect of Q-Tube bowing or displacement

5) Feasibility of “hot spot” correction by control

Evaluation of lattice constants

1) Comparison with exponential results
2) Flux patterns through buckled, transition, and
flattened zones

Operational information

1) Kinetics of reactor
2) Effectiveness of CP-6 type safety rods
3) Gamma flux levels
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In addition, original plans allowed for several other types
of experiment:

Measurement of caiching efficiency of blanket designs
Danger coefficient studies on Pu, fission products, or poison
Measurement of y-flux and intensity
Testing of alternate control rod designs

These experiments were deleted from the program because higher priority

was assigned, after starting the experiment, to certain detailed investigations
which were not initially anticipated.

Finally, interpretation of the results of the ZPR-~II program
has led, occasionally in an unexpected fashion, to improvement of reactor
theory or of the lattice parameters of U - D,O systems. This interpretation
is presented in Chapter 4 of this report.

.0




2 DESCRIPTION OF FACILITY

2-1 Building Layout

The building floor plan (Figure 2~-1) is arranged for simultaneous
operation of two critical assemblies = ZPR-I and ZPR-II. Shielding be-
tween assemblies is effected by a three~foot wall made of concrete block
and lead sheet ina sandwicharrangement, The ZPR-II critical assembly
is separated from its control room by a three-foot monolithic concrete
wall, Visual access between rooms is provided by a standard zinc bro-
mide window,

Space is provided in the west wing for storage of reactor compo-
nents and miscellaneous equipment, In addition, two 6000-gallon D,0O stor-
age tanks are located in a double~-wall waterproof pit underneath the west
wing., For transfer of fuel elements, a three-ton and a l/Z-ton hoist are
mounted on a common bridge running the length of the reactor room. Ven-
tilation is furnished by a 2000-CFM fan that can operate only when the
reactor is shut down. This feature is essential in order to localize
contamination in the -event of a runaway,

2-2 Reactor Assembly Components

Arrangement of the major components of the system is shown in
flow diagram form in Figure 2~2. The reactor and storage tanks form a
system closed to atmospheric moisture, Facilities are provided for pump-
ing the D,O at a controlled rate into the reactor tank and for rapidly dumping
the water back into the storage tanks. A breathing manifold is provided to
equalize the pressure within the reactor system with that of the atmosphere.
The following sections describe the individual components of the system,

2-2.1 Reactor Tank

The reactor tank is a carbon steel cylinder 129 inches high
and 121 inches in diameter (Figure 2-2.la). When fully loaded it contains
approximately 25 tons of heavy water and a similar weight of uranium, In-
side surfaces of the tank are coated with Heresite to eliminate corrosion and
prevent contamination of the heavy water. On top, the tank is sealed with
removable cover plates made of Almag-35. All cover plates and various
other access ports in the tank are sealed so that the tank is gastight to a
uniformly distributed load equivalent to 6 inches of H,O,

The tank contains aluminum grids at top and bottom to space
a maximum of 253 fuel elements on a 7-inch triangular lattice, The weight
of the fuel elements is carried on the bottom locating grid, while the upper
ends of the elements are clamped to a series of paralled I-beams at the top
of the tank, Constructional details of the grids, I-beams, and cover plates
may be seen in Figures 2-2.1b, 2-2.1c, and 2-2,1d, A diagram of the re-
actor lattice is given in Figure 2-2.le .

23
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2-2.2 Fuel Assembly

— A nuclear mock-upof the Savannah reactor fuel assembly is
used in ZPR-II, Twelve normal uranium slugs, 1.0~inch diameter by 8,1-inch

’ iong, separated by 0.370-inch thick aluminum spacers are staked in a 9 foot
4-inch length of finned aluminum tubing. The finned tube has a wall thickness
that gives the same neutron absorption cross section as the aluminum cans
plus Al-Si bonding of the Savannah slugs, Four of the fuel tubes are loaded
into a quatrefoil to complete the fuel assembly. The quatrefoil is an extru-~
sion from 63 - S aluminum, Figures 2-2,2a and 2-2.2b show the fuel rod
and quatrefoil,

2-2.3 Control Rod System

The ZPR-II lattice can accomodate seven control assem-
blies (septafoils) containing seven rods each. In each assembly, two rods
are controlled remotely, and the remainder adjusted manually. The rods
contain either cadmium or Li-Al alloy in concentrations of 3.5% or 7%.
The effective diameters of the control rods have been made equal to those
of the Savannah Reactors, and the slug length and spacing have been main-
tained except for odd lengths at the upperends. The total active length of
each control rod is 8 ft 5-1/2 inches measured from the top to the bottom
of the active material,

The Li rods contain ten slugs, nine of them 0.808 inch in
diameter x 10,26 inch long, and the other, 0.808 inch diameter x 7.00 inch
long, separated by Al spacers 0.24 inch thick, The slugs are sheathed in
an Al tube with ends welded closed. The Cd rods were made by forming a
piece of Cd 0.040 inch thick around an Al tube with an O,D, of 0.750 inch,
Another Al tube is drawn over the Cd, forming a rod 0.830 inch in diameter,

The remote control drive mechanism consists of a D.C.
shunt-wound motor whose speed can be varied by armature voltage control.
Coupling to the control rods is through a stainless steel tape perforated at
2.5 inch intervals, A pair of synchros for transmitting position information
to a remote indicator is driven by a sprocket idler pulley which engages the
tape holes. This drive unit is shown in Figure 2-2.3a, The manual drive
unit (Figure 2-2.3b) utilizes a calibrated stainless steel tape driven by a
worm and worm gear pulley assembly.

Because of the limited headroomspace and heavy water
sealing problems, the control rod drives were mounted on a modified in-
verted septafoil assembly. Sealing was accomplished by an Q~ring seal
for the septafoil assembly and a split Teflon bushing for the control rod
tapes (Figure 2-2.3c).

.
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The control rod station at the console is made up of the
following components:

1. An individual control rod indicator assembly for each
remotely controlled rod (Figure 2-2.3d). Each indi~
cator assembly contains:

a, Two synchro motors which receive position infor-
mation from the transmitter on the control roddrives.

b. A control switch on each unit used to actuate the drive,

c. A pilot light on each unit which indicates its selection
for ganged operation,

The indicator system is unambiguous in all positions,
The control rod position from 0 to 120 inches is indicated
to an accuracy of I 0,1 inch,

2. A variac controlled D.C. power supply is used to control
the rmotor speed by armature voltage control. A separate
fixed voltage D.C, power supply is used for the motor
field voltage. The maximum speed of an individual rod
is limited by the power supply to approximately 14 ft/mino

3. A switchboard at the control station allows from one to
six rods to be selected for ganged operation,

4. An indication board is provided showing the relative
positions of all control rods. Rods selected for ganged
operations are shown on this board,

5. Miscellaneous power and transfer switches are provided.
2-2.4 Safety Rod System

The safety rods control about 12% K and provide sufficient
negative reactivity to kill the reactor, irrespective of control rod position
or water level, Twelve safety rods made of cadmium five inches wide,

40 mils thick, and 8 feet 6 inches long are used.

Six rod drive units are placed in the penthouse above the re-
actor. Two safety rods are connected to each safety rod drive unit by means
of 1/8 inch diameter stainless steel cables. The rods fall into Al thimbles
shown in Figure 2-2,1lb. The cables from the safety rods pass over pulleys
to a drum powered by a gear motor coupled to an electromagnetic clutch,
The drum is mounted on ball bearings and is free to rotate on a shaft when
the clutch is de-energized, either automatically at scram and power failure,

_3?
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or at will by the operator, When the clutch is de-energized, the safety rods .
fall with an acceleration of approximately 0.75 g. The rods are decelerated -

smoothly when very near the bottom position by two Houdi type shock absorb~ -
ers coupled to the cable drum. The rods come to rest fullyinserted. Mechani~
cal stops prevent the rods from being inserted too far or from being completely
withdrawn, The motor drive is a I/ZO-HP variable-speed D.C. motor operated
from a 90V power supply. The gear motor allows a maximum rod withdrawal

rate of 4 ft/min, Only 2 drive units or 4 rods can be withdrawn at any one

time, determined by a selector switch at the control panel. All rods can be
withdrawn in about 7 minutes, Figure 2-2.4 is a photograph of the safety

rod drive units located in the penthouse,

2-2.5 Water Level Control .

Heavy water is pumped from storage to the reactor with a
5-HP, 200 GPM Wilfley pump. The flow rate is controlled remotely by air-
operated valves. A four=-inch valve is used for rapidly filling the tank .
(4 in./min) during the initial stages of a run., The air supply to this valve .
is controlled by a “dead-man” switch that automatically shuts the valve if
released by the operator. Automatic level control is effected by a signal
transmitted from a traveling float in the reactor tank to a solenoid that con-
trols the air supply to a one-inch valve., This float is coupled through a steel .
tape to a motor drive and selsyn indicating unit. A series of warning lights
on the control panel is used to inform the operator of the D,O level with re-
spect to the float position. In addition, the water level is directly visible in
a sight gauge at the control panel, ‘

For rapidly emptying the tank, a butterfly valve in a 12-inch
drain line is opened. This valve (Figure 2-2.5) is normally held closed by a .
magnetic clutch that is de-energized by either a scram signal or power fail-
ure, A 45-pound weight attached to the butterfly valve arm opens the valve
completely in about 0.3 second and holds it open until manually reset.

2-2.6 Water Purification System

The cleanup system is designed to keep the total macro-
scopic neutron absorption cross section due to contaminants below
8.8 x 107 cm~. During operation, D,0O is by-passed at a rate of 3 GPM -
from the reactor fill line through an ion-exchange system. lonic impurities
are removed by a 12-liter mixed-bed (1R - 120, 1RA - 410) ion-exchange
column, Miscellaneous solids are filtered out by 20y porosity ceramic

R

bacteriological filters preceding the ion-exchange column. The conductivity r
of the water is monitored at the inlet and outlet to the column. The specific ~
resistivity of the water is maintained at greater than one megohm, - 4




2-2.7 Breathing and Drying System

A schematic drawing of the breathing and drying system is
shown in Figure 2-2. The drying system was used to remove the H,O ini~-
tially used to test the system, and it can also be used to recover D,0 from
the system at shutdown, For the initial drying stage, a blower is used to
circulate air through a heating unit. Then the hot air (250°F) can be valved
so as to pass through either the storage tanks or the reactor and their as-
sociated piping. The return air is passed over refrigeration coils to con-
dense the water vapor so that it can be drained from the system. In order
to remove the last trace of moisture, the air is passed through a column of
Drierite, The process is repeated until the system dew point is less than
10°F.

Since the reactor tank top is not structurally immune to
large pressure differentials, a breathing unit is provided to equalize the
system with the atmosphere by admitting dry air, Air enters through a
flap valve in series with a 100-pound column of Drierite, This removes
H,O to a dew point of approximately -80°F. Loss of D,O vapor by reverse
flow is prevented by a second column of Drierite and the refrigeration
unit (see Figure 2~2.7)., The refrigerator coils are defrosted when a Fox-
boro dew point recorder indicates an increase in humidity from the estab~-
lished equilibrium value,

2-2.8 Source

The source drive unit may be seen in Figure 2-2.8. For
the initial start-up of ZPR-II, a 40-curie Po~Be source was used. The
source in its maximum raised position was approximately 54 inches above
the concrete pad and 4 inches outside of the tank, In its lowest position,
the source was approximately 6 feet below the concrete pad,

2=-2.9 Reactor Materials

In order to prevent corrosion products from contaminating
the D,0, all reactor metal parts in contact with the D,O were constructed of
aluminum, stainless steel, or Heresite~coated mild steel, Heresite-coated
steel was used for the reactor tank, storage tanks, and the piping as a sub-
stitute for the more expensive Al or stainless steel. These parts were fab-
ricated and then shipped to the Heresite Company, Manitowoc, Wisconsin for
coating, Heresite is a phenolformaldehyde resinous coating which is nontoxic,
ordorless, tasteless, unaffected by most acids and alkalis, and insoluble in
all common solvents, Two types of coatings were used, P-403 and L-66.
Type P-403 is a heat-hardening pigmented primer coating, while L.-66 is a
transparent resin which gives a high gloss.
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2=3 Reactor Instrumentation

The primary power level circuits are three vibrating reed electro-
meters, . Each records on a linear strip chart by means of a self-balancing
potentiometer systemm., Two of these recorders are equipped with differential
circuits to magnify the scale for the measurement of small variations in
power, All of the above instruments have B'°F, gas-filled chambers as their
initial current source. The safety circuits of ZPR=-II consist of instruments
which will shut down the reactor, either by dropping cadmium rods into the
tank or by dumping the D,O, or both., These circuits will also warn the per-
sonnel of a hazard or an irregularity. Five of these circuits are capable of
shutting down the reactor if the power or the period exceed prescribed limits,
The other circuits are actuated by events such as a water leak or disturbance
of the interlock system., Figure 2-3 shows the reactor control console,

2-3,1 Power Level Meter and Recorder

This circuit consists of a B'F, gas-filled ion chamber which
is located about three feet from the reactor. Next to the chamber are a bat-
tery box, which supplies 405 volts to the chamber, and a resistor switching
device for changing scales, This is operated remotely from the control room.
The output of the resistor box goes to a vibrating reed electrometer (Applied
Physics Corp.). The vibrating reed electrometer consists of two units; the
electrometer head, which contains the reed, and an amplifier which is in the
control room. These circuits are separated since it is desirable to have the
electrometer as near the chamber as possible for low current levels, The
circuit is capable of detecting currents as low as 10-'7 ampere, representing
a neutron flux in the chamber of about 0,001 neutron/cm?‘/sec, since the
chamber produces about 3 x 1071 ampere per unit flux, The measuring part
of the circuit is a meter which is built into the amplifier cabinet. An
Esterline-Angus recorder is connected to the electrometer such that the re-
corder and meter give identical readings. The unit has six ranges covering
from 0,001 to 100 watts (1 watt = 10 thermal nv at reactor axis). (See
Figure 2-3.1la for a block diagram of the circuit.

Two additional power level recorders are in use, Both have
identical circuits built around a Brown vibrating reed electrometer. The first
stage of this recorder circuit is a B'°F, ion chamber., The output of the ion
chamber is fed by (RG - 11) cable to a preamplifier in the control room.
From the preamplifier, the signal is fed into a Brown vibrating reed electro-
meter, This unit is highly sensitive and accurate in responding to currents
of the order of 10~'3 ampere, and it is capable of detecting currents as low
as 10~ ampere, After an amplification stage, the signal is in the millivolt
range, and it is fed into a self-balancing potentiometer circuit which records
on a linear chart. See Figure 2-~3.la for a block diagram of this circuit.
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The control system for the reactor power recorder has a
resistor changing switch which gives five ranges to the recorder, corre-
sponding to from 0.01 to 100 watts, full scale, There is a differential con-
trol which allows the recorder to be set at any value; from this value, the
fluctuations in power are enlarged and recorded. This is done with a
constant voltage battery and a helipot. The sensitivity control and the pre~
amplifier have also been altered as shown in Figure 2-3,1b,

These circuits are used as measuring and recording instru-
ments only, and are not tied into the scram system, One is usually used as
the standard for determining the reactor power in order to duplicate foil ex-
posures, The other is usually used as a differential indicator to assist the
operator to detect small fluctuations in power when the power is to be held
constant., These instruments are the primary facilities for determining the
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power and period due to their sensitivity and constant operating characteristics.

2=3.,2 Scintillation Counter and Ion Chamber Trip Circuits

The scintillation counter circuit consists of an anthracene
crystal and a 5819 photomultiplier tube which is kept at 945 volts by a bank
of dry cells. The output of the photomultiplier tube goes to an amplifier, a
counting rate meter, and into the trip circuit. See Figure 2-3.la for a block
diagram of this circuit.

Two ion chamber trip circuits are used, Both have B1°F3
gas~filled chambers as their initial source. The output of the chambers is
fed into preamplifiers (see D.C. amplifier) which boost the signal for trans-
mission to the meter and trip circuit in the control room. See Figure 2-3.2a
for a block diagram of this circuit,

The primary components of the trip circuits are two Western
Electric relay tubes, The coils which throw these relays are activated by the
plate current of a sharp-cutoff pentode. A variable grid resistor permits
multiple range when the input signal overrides the preset bias, the relays
are thrown, and a trip circuit is actuated., The reactor is then shut down by
the safety rods. In addition, the D,0O will dump if the assembly room door
is open. A block diagram of the safety circuits is shown in Figure 2-3.2b.

2-3,3 Period and Log Power Recording and Trip Circuit

The output of a B“’F3 ion chamber is fed into a very sensi-
tive preamplifier which has good linear characteristics. From the pream-
plifier, the signal goes to a logarithmic amplifier which is located in the
control room. The logarithmic amplifier drives a Brown linear recorder
and a microammeter, both of which read the power., From the preamplifier,
the signal is also put into a circuit which gives a current which depends on
the rate of change of the input signal. This then goes to a center recording
0~-5MV potentiometer, Thus, a positive or a negative period can be recorded.
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The period trip circuit is simply a microammeter in which the pointer is a
contact and another contact is at a preset position. The contacts will close
when the needle reaches the preset position, This closing of contacts actu-
ates the same trip circuit that was discussed in 2-3,2, Current for the
period microammeter depends on the rate of change of the power, so it can
be set to trip when a certain period is reached. (See Figure 2-3.2a for a
block diagram of this circuit.)

2-3,4 Miscellaneous Circuits

Micro-microammeter and Recorder - For the measurement
of power and for indications of multiplication at low flux, a very sensitive
Beckman micro-microammeter is connected to a B!’F, ion chamber, Because
of its sensitivity and linearity on all scales, the instrument gives reliable
readings at reactor flux levels of from 103 to 10%, From the output of this
circuit, a Weston recorder charts the power readings. As a spare trip cir-
cuit, the output of the Beckman has been put across a Sim-ply-trol contact -
meter-relay, When the meter reads a certain level, which is set by a
pointer contact, a closed circuit is obtained. This produces a trip as was
previously discussed.

Fixed Water Level Probe - Located in the reactor at a height .
well below critical (123 cm) is a fixed probe connected to an amplifier that -
will respond to a 15-megohm input resistance., When the D,O reaches the
probe contacts, a warning bell is rung, and a relay that is interlocked with
the reactor room access door is de-energized. Then, if this door is opened, ‘.
the magnetic holding clutch on the 12-inch drain valve is de-energized, and the -
D,0 automatically is dumped to storage, )

Leak Detectors -~ Leak detectors have been placed at various
points in the D,O system which are most vulnerable to leaks, such as under
the pump, pipe fittings, and traveling monitor tubes. These detectors con-
sist of coarse metal screening, spaced close to, but insulated from, a metal .
plate., The screen and plate are kept at a 150~-volt potential difference, and
any current between them will set off a relay system, If a drop of water
falls on the screen, it will flow through, touching the screen and plate simul-
taneously, thereby setting off audible and visible alarms,

Health Survey Meter - The gamma level at the reactor tank .
is continuously monitored in the control room by a survey meter calibrated )
directly in mr per hour. If this meter is on the 0.1 roentgen to one roentgen
range, red blinker lights warn personnel,

¥

Scalers and Audio Pulse Monitor ~ Three scalers (Nuclear
Meas, Corp.) are used in the control room for low level flux counting, Each
has a separate B1°F3 chamber, but none of the chambers are in the same posi-
tion relative to the tank. Pulses from the output of one of the scalers are con-
verted to audio pulses, amplified, and sent to a speaker, The scalers and the _
audio pulse monitor give an indication of the rate of rise of the flux during the
approach to critical. R -'1)8
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D, O Pump Circuit - The power for this circuit is normally
locked off by means of a padlock on the power switch, With the padlock re-
moved and the power switch on, the pump button in the control room will start
the pump only if the reactor access door is closed or if this condition is simu-
lated. Two door override buttons, which are located in the control room and
are far enough apart so that two people are required to keep them depressed,
will simulate the “door closed” condition, allowing personnel to enter the re-
actor area while the pump is running. If one or both of these buttons are
released while the door is open, the pump will shut off,

Fixed Monitor System - In the reactor are 15 small Blo-
coated ion chambers distributed in a horizontal plane 55 inches from the tank
bottom. These were installed to give simultaneous readings of flux distribu-
tion so that the effects of control rod motion could be determined rapidly.
The chamber current is amplified and read directly from microammeters at
the control console,

Voltage Regulators - A 3000-VA Sorensen regulator was
used until trouble was encountered from spurious trips on some of the in-
struments. It was found that the Sorensen recovery time was too slow
(>0.1 second) after an input voltage fluctuation. Installation of a Sola con-
stant voltage transformer solved the problem,

D.C. Amplifier - For most of the ZPR-II ionization cham-
bers, a standard preamplifier circuit has been adopted., This amplifier
makes use of the conventional D.C. feedback type amplifier with a feedback
ratio of unity. By keeping the open loop gain (gain without feedback) of the
amplifier high, the over-all gain with feedback is held very close to unity;
thus, the voltage developed across the input resistor can be read on a
meter at the output with negligible error resulting. The input tube is an
electrometer pentode, a CK571AX, which is used for its low grid current
characteristics., The following two tubes are 12AY7“s, followed by a 12AU7
cathode follower. The feedback path is completed by returning the cathode
of one-half of the 12AU7 back to the lower end of the input resistor,

2-3.,5 Interlocks

The water level probe interlock circuit has for a sensing
device a fixed probe'located inthe teactor tank well below the critical D,O
height. When subme'rged, the change in resistivity between the probe con-
tacts causes a relay circuit to open. This relay is in parallel with a switch
that is opened when the assembly room door is opened. When both sides of
the circuit are open, the magnetic clutch which holds the dump valve closed
is de-energized, thus dumping any D,O in the tank. A warning bell and lights
indicate the D,0O level has reached 123 cm. A manually operated key switch
is in series with the probe relay so that the circuit may be locked open if
the probe fails, The D,O will then be dumped from any height if the assembly
door is opened.



Electrical power for the D,O pump motor is supplied through
a magnetic contactor with a self-holding contact. When the control circuit ol
the contactor is opened, the pump motor stops. This action can be initiated
by any of the following: 1) an instrument scram, 2) a power failure, 3) the
reactor access door (unless the two “pump override” buttons are held down),
4) the “hand scram” button or the “water pump off” button.

Five alarm panels, each containing a red blinker light, an .
amber blinker light, six small amber lights, and a bell, are located through-
out the reactor area, one in the control room, in the assembly room, in the
loft, in the reactor room, and in the D,O storage pit, The red light will flash con-
tinuously and the bellwill sound for 15 seconds on each panel whenthe fixed water
level probe circuit is actuated, or the gamma background in the reactor room .
is above tolerance. The amber light flashes continuously and the bell sounds
when the assembly room door is closed. A separate small amber light comes
on for each pair of safety rods that leaves the bottom of the reactor, The
bell will sound only when the first pair leaves bottom. .

2-3,6 Safety Circuits

The safety rod scram system consists of twelve cadmium
rods held out of the reactor by six electromagnetic clutches. When these "
clutches are de-energized, the rods drop into the reactor., The dropping or
“scramming” of all the rods is initiated as follows: automatically by an
instrument scram or a power failure; manually by operating a “hand scram”
button or the “rod drop” button. The rods may be dropped in pairs by oper- - <
ating the clutch switch of each pair, -

The water dump valve is held closed by an electromagnetic .
clutch, When the clutch is de-energized, the valve is forced open by a 45-1b
weight attached to the valve arm. The dumping of the D,O is initiated as
follows: automatically by an instrument scram when the assembly door is
open, by opening the assembly door when the fixed water level probe circuit -
is actuated, or by a power failure; manually by operating a “hand scram”
button or the “water dump” button,

The twelve safety rods are withdrawn from the reactor by
six D.C, electric motors. Each motor drives a pair of rods. These motors .
are connected to a power supply through a selector switch, such that only .
two of the motors can be run at the same time. The power supply voltage is )
not adjustable; therefore, the speed of raising the rods is fixed. The time
required to withdraw four rods is about 1 min 50 sec, After a scram, the ) :
power for the safety rods, as well as for the control rods, must be reset
before they can be operated.
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2-4 Experimental Instrumentation

2=-4.1 Instruments Required

Most of the experiments performed with ZPR-II involved
the determination of the critical height or the period of the reactor or the
measurement of the flux distribution in the reactor. The critical D,O level
or control rod position and the pile period were measured from the control
room with the control instruments and D,0O level indicators described in
Section 2=3. The flux distribution was determined with traveling ion cham-
ber flux monitors or with irradiated foils, The general use of these flux
determining devices is discussed in the remainder of this section, Special
instrumentation or techniques pertaining to a particular experiment are
described with the experiment in Chapter 3.

2-4.2 Flux Monitors

The measurement of the vertical and radial flux distribu-
tions for the various lattice and control rod configurations constituted a
major portion of the ZPR-II critical program. The monitors are small ion
chamber flux detectors capable of being positioned and read accurately by
remote control, They give an instantaneous measure of the flux pattern and
form, a valuable supplement to the more involved and time-consuming foil
measurement, Particularly, such procedures as the simultaneous adjust-
ment of the control rods and D,O level to obtain a flattened zone would hardly
be possible without their aid., With this in mind, the development of such a
chamber was undertaken before ZPR-II was built, and its feasibility tested
in one of the early CP-6 exponential experiments., A complete report on
these chambers is given in ANL~-4989, “Remotely Moveable Small Ion Cham-
ber to Determine Reactor Flux Distributions” by E, O, Kiger and G. F. O“Neill.
The ion chamber is shown by Figures 2-4,2a and 2-4.2b.

Chamber Characteristics i The chamber operates with a
collecting electrode potential of 150 volts. Data collected show that the cham-
ber saturates at 90 volts with a boron sleeve, and saturates at 150 volts with
a uranium sleeve, both at fluxes of 106 neutrons/cmz/sec.

Linearity tests were made with one of the chambers and a
boron sleeve., The chamber was placed at the center of CP-2, and the flux
was varied from 10% to 10% neutrons/cmz/sec. Over the measured flux range,
the chamber appears to be linear although there is an indication of non-
linearity above a flux of 5 x 10° neutrons/cmz/sec.

In the flux range in which the chamber has normally been
used (10% to 10° neutrons/cmz/sec) that part of the ion chamber current caused
by the gamma activity amounts to 1% or less of the total current,
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Calibration+—One hundred boron sleeves prepared by the
previously described technique were checked against each other in the same
chamber at the thermal column of CP-3 in a flux of 10%, Grouped selections
from this test were then placed in separate chambers, and from reproduci-
bility tests in an isotopic flux in CP-2, twenty chambers were found that
agreed within t 1%, Twenty matched chambers were required, as it was
desired to have the two traveling monitors agree with 15 similar fixed moni~-
tors that were used in the ZPR-II reactor.

Two natural uranium sleeves were prepared that agreed .
within t 0,5%, With the amplifying setup employed, the uranium sleeves had .
an average background of 2,0 x 10712 ampere. To check for any build-up in
back%round during long periods of exposure, a chamber was placed in a flux
of 10 neutron/cmz/sec at the thermal column of CP-3 and left there for
24 hours, At the end of this period, there was an increase of 13% in the
background readings. A period of 3 hours was sufficient to return the back-
ground to normal,

The table below lists other pertinent data on the chamber,
Table 2-4.2

FLUX MONITOR CHAMBER SENSITIVITIES

Uranium Sleeve

Boron Sleeve

1.5 x 10717 2MPere

2.5 x 10716 27P27C

P e _ampere_ _ampere
Absolute flux sensitivity Tt flux it Tlux
Threshold sensitivity 15 feutrons 108 Reutrons

cm- =secC cm™ =secC

D.C. Amplifier - The amplifiers are of the same general
type as those described under Section 2-3.4. They have been modified, how-
ever, so that the ion chamber collecting electrode can operate at 150 volts,
When attached to the traveling ion chamber probe, these chambers are
mounted in a sturdy case to minimize vibration, Figure 2-4.2c shows a
picture of one of these amplifiers,

Vertical Probe Drive - The vertical ion chamber probe and
D.C. amplifier are mounted on a carriage that travels between two rods
10 feet long that are separated by 6 inches with cross members at the top
and bottom. This probe guide unit can be moved to any of four vertical
thimbles on the reactor top. These rods have gear racks which mesh with -
gears from the carriage containing the drive motor and position-indicating
synchros. The guide rods and carriage (with synchros and drive motor) are
shown in Figure 2-4.2d.
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Horizontal Probe Drive - The horizontal monitor can go into
any of six air~filled thimbles in the side of the reactor, The guide rack, which
supports the car, is held on one end by a port on the reactor and on the other
end by adjustable legs. The car contains the drive motor (which meshes with
a gear on the rack) and position-indicating synchros. The D.C. amplifier is
mounted on the top of the car, and the probe extends from the amplifier thru
the port into the thimble that runs through the reactor (see Figure 2-4.2e).

Control Room Panels - The control room drives and indica-
tors for the traveling monitor systems are shown in Figure 2-4.2f. The low~
est panel contains the drives and the position-indicating synchros. The next
highest contains 2 meters which show the chamber currents which are
proportional to the neutron flux. The next panel above has the speed control
for the drive motors., The top unit is a recorder for permanently recording
the ion chamber current readings.

2-4,3 Counting Equipment and Methods

Components -~ The counting equipment consists of:

1) A commercial G-M tube in a lead pig with an Offner

Electronics, Inc., Type 961-AH, high~voltage supply and scaler.

2) Four G-M counters in lead pigs with Nuclear Instru-
ment and Chemical Corporation, Model 165, high-voltage supplies and
scalers, The G-M tubes are the thin-walled aluminum type made by
L. E, Johnson of the Instrument Research and Development group at ANL,

3) A NalI(Tl) crystal used in conjunction with a single-
channel pulse-height analyzer. (This unit will be referred to as the scin-
tillator.) The crystal was polished and the scintillator head assembled by
J. S. Moenich of the IRD group at ANL., The single-channel pulse~height
analyzer was designed and built by the ANL Electronics Division under the
direction of Thomas Brill,

Figure 2-4.3a shows the four G-M tubes in their lead pigs
with the associated scalers and timer, Figure 2-4.3b shows the scintillator
head in its lead shield with the sample drawer removed and two of the pulse-
height analyzers.

Foils = The foils generally used were made of indium or
natural uranium, The indium foils were used in measuring bucklings, ob~
taining absolute fluxes, and measuring flux distributions in the transition
zones between the buckled and flattened zanes in the ZPR-~II lattice, The
uranium foils were used in measuring disadvantage factors, the Wilkins
effect, flux distributions in and around Q-foils, fuel tubes and control rods,
and axial flux distributions in squircles of Q-foils, Flux mappings through
horizontal planes in the flattened zone were also done with the uranium foils,
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Indium Foils - The indium foils are 1/2 inch in diameter
and 0.005 inch thick.. These were made as uniform as possible by special
rolling and punches. The average foil weight is 120 mg. To protect the soft
indium and prevent loss of corners and chips, each foil was mounted with
waterproof Duco cement in a slight recess milled in an aluminum disc
5/8 inch in diameter and 1/16 inch thick.

Intercalibration of the foils was accomplished by spinning -
sets of ten foils, mounted on a disc driven by an electric motor, in a stringer
in CP=-2, Four of these foils were calibrated for absolute flux in the standard-
pile. The usual exposure for the indium was 20 minutes at a flux of 10 neu-
trons/cm"/sec, or about one watt in ZPR~II,

The indium foils were counted with the G-M counters, while
all the uranium counting was done with the scintillator,

Spectroscopic analysis of the indium showed 0.029, silver, .
all other impurities being less than 0.01%,

Uranium Foils - Two sizes of natural uranium pins were
used, each 1/16 inch in diameter. The 1/8 inch long pins were used for the
Wilkins effect measurement, and the 1/2 inch long pins were used for all .
other measurements. The 1/2 inch pins weigh about 400 mg. About 200 pins - P
of each size were made, and the pins of each size were intercalibrated in
CP-2 in the manner described previously. No absolute calibration of the
uranium pins was attempted. .

The usual exposure for the 1/2 inch pins was 20 minutes at
about 108 neutrons/cm?‘/sec, or 80 to 90 watts in ZPR-II. The 1/8 inch long .
pins were exposed for 40 minutes at this flux.

Indium Foil Counting Procedure - The Geiger counters were
operated in the standard manner, except that a Microflex timer was incor- -
porated to time the counting and shut off the four counters simultaneously.

A three-position count switch was used which provided an off, buffer, and

count position, In the buffer position the relay clutch of the Microflex is

energized, and in the count position the timing motor and scalers are turned

on, The two positions are necessary because the large current drawn by

the clutch throws counts into the scalers if they are turned on at the same v
time. ’

After the standard irradiation the indium foils were allowed
to cool for 20 to 30 minutes to allow the 2.3-minute aluminum activity in the
foil base to die out, - L

3

Four foils were counted sirmultaneously in the four counters,

the foils and counters then being interchanged and counted again. This pro-
ceeded until each foil had been counted in each counter, and tlren a new set of -

N A
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four foils was counted in a like manner, This method provided total counts
per foil of 40,000 or over (except for foils in extreme positions in the tank)
and allowed checks of the counter set ratios between runs, The set ratio
is the ratio of the corrected counts of a foil in counter A to the corrected
counts of the same foil in counter B. Using four counters in this way, it is
possible to detect a defective G-M tube, In this case,the counts from the
other three are still sufficient and the experiment is not lost,

Counter dead time counting losses were kept below two
per cent by spacing the counting times and counting the least active foils
first, The half-life of indium was taken as 54,31 minutes., The counting
time was four minutes, The corrected counts, N¢, used in obtaining the
flux ratios, is:

Ne = N - B ekt h

counts per 4 minutes,

counter dead time in minutes,

= counter backgrouhd per 4 minutes,

> W 3 =2
It

disintegration constant, 0.693/54.31

1

0.01276 min~}, and

t =time from scram to beginning of count.

Scintillator -~ Reasons For Use - The scintillator method of
counting natural uranium foils and the reasons for its use are described in
detail in ANL-4867, “Scintillation Counting of Foils for Flux Measurements
in Natural Uranium Piles,” by R. C. Axtmann and J. S. Stutheit. Briefly,
some of the reasons for its use are: a) the scintillator is built to count
only gamma rays, and hence foil positioning and thickness, backscattering
effects, etc,, are not as important as in a beta counter; b) the scintillator
allows a much higher counting rate (about 30,000 cpm) than other circuits,
with no increase in dead time counting losses; and c) the scintillator can be
biased so as to discriminate against gammas of both U?3? and Np**? decay,
which lie below 0.275 Mev, and thus it measures only fission product decay
gammas, Other important aspects are that the use of natural uranium foils
as detectors inside a uranium slug alters neither the flux level nor the
neutron spectrum as would other foils such as indium, and that the uranium
foils measure the total number of fissions, which is the pertinent figure for
engineering calculations,

Description of Scintillator - The sodium iodide, thallium=-
activated crystal isacylinder 172 inch thick and 1-1/4 inches in diameter,
It is mounted on a short piece of clear plastic shaped to fit the window of a
5819 photomultiplier. Opticalcontinuity is provided by mineral oil at the

a5
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junctions. The 5819 tube is mounted in a magnetic shield, and the entire
assembly fits in a lighttight aluminum can, The cover of the can is an
aluminum disc of sufficient thickness to stop 1-Mev betas. A preamplifier
with two stages of amplification is attached directly to the light cover.

This probe, consisting of the crystal, phototube, magnetic
shield, and light cover, is inserted in a lead cylinder with one-inch walls.
The crystal faces downward. Directly below the beta shield is a plastic
source holder with suitable grooves for placing uranium pins in the count-
ing position. The plastic holder slides in and out of the lead shield.

The preamplifier feeds a six-stage linear amplifier,
Following this are the discriminator, window amplifier, channel width,
and anticoincidence circuits, The discriminator circuit, or integrate cir-
cuit as it is sometimes called, was used for all the counting, The pulse-
analyzer circuit, or differentiator, was used only in calibration of the
discriminator settings. (This circuit could be very useful in measuring
plutonium production in fuel and changes in resonance escape probability
and the fast fission factor when fuel elements are changed,) On the same
chassis is a constant-voltage test pulse generator that allows zeroing of
the channel level before counting begins,

Scintillator Counting Procedure - The uranium activity
decreases quite rapidly after a scram, but about 40 minutes after scram
the decay corresponds roughly to a one hour half-life, The counting pro-
cedure was standardized so that counting was started for all runs at
50 minutes after scram. This allowed time for the fast decays to die out
and time to remove the activated foils from the reactor. For each run an
exposed pin, expected to have, the greatest activity, was chosen to estab-
lish the decay curve. This pin was counted several times just before
50 minutes after scram, at 50 minutes after scram, and thereafter at
five-minute intervals., These counts were corrected for dead time count~-
ing losses and background, and the corrected scintillator counts were
plotted against time after scram. The smooth curve inferred from these
points is taken as the decay curve, This decay is established for each run
because previous exposure history of the pins is thought to alter the decay.
As nearly as possible, pins whose previous exposure histories were simi-
lar were chosen for each run, Pins were allowed to cool three days or
more before they were re-used.

The other exposed pins are counted in the intervals between
the counting of the decay correction pin, After correcting these counts for
dead time and background, the decay correction is applied to bring all the
activities back to the time 50 minutes after scram.

All pins were counted for one minute, with either 0.25 or
0.50 minute to change pins. Counting for longer times does not increase
the over=-all accuracy, unless only a few pins are to be counted.
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Initial counting rates for the 1/2 inch pins were 20,000 to
30,000 counts/minute., Depending on the number of pins counted, which was
usually about sixty, the final counting rates were 5,000 to 10,000 counts/
minute,

The counting times were timed with a Microflex timer setup
described previously., Count on times were timed with an electric Time-It
(Precision Scientific Co.) clock.

Component Tests ~ Geiger Counters - New G-M counters
were installed at the beginning of the experiments, Plateaus (counting rate
vs, voltage) were measured at the beginning and end of a two-week period,
while the counters were operated daily in the two-week interval, Two
counters showed definite adverse changes in their plateaus and were re-~
placed. Any further change in operating characteristics of the counters
could be detected during the course of the experiments by changes in the
set ratios of the counters. The plateau widths of the four counters ranged
from 300 to 400 volts, The maximum change in counting rates over the
widths of the plateaus was 2% to 6%, The operating voltages were taken
as the voltage at the beginning of the plateau plus 1/3 of the plateau width
in volts,

Dead times of the G-M tubes were measured with a Model
514D Tektronix oscilloscope. The method, devised by R. L, Carlson of ANL,
consists of taking the pulse off the plate of the last tube of the first trigger
pair of the counter, which is provided with some kind of a source, and feed-
ing it to the scope input. The scope sweep is set to trigger on the negative
signal, and the sweep stability is set to just below the free running condition,
The scope trigger amplification is then increased until single sweeps are
seen, If the sweep time is adjusted properly, part of the initial or triggering
pulse is seen followed by a sweep section with no pulses, followed in turn by
a section where the pulses begin again, From the calibrated sweep time the
minimum time between pulses can be obtained with a camera or simply by
looking at the scope for a period of 10 minutes, The counter dead times were
found in this way to be 157, 88, 118, and 108 microseconds for counters 1, 2,
3, and 4, respectively.

Backgrounds of the counters were measured before every
run, Three counters had backgrounds around 30 cpm, and one was double
this (counter 2). Occasionally the indium foils were checked for background
before exposure to make certain no long-life activity was building up in the
foils or base. None-was ever found,

The reproducibility of the foil positions in the counter was
checked by counting a single foil, removing it from the counter, replacing
it, and counting it again. When this was done 25 times, the standard devia-
tion of the corrected counts was 0.478%. The average statistical error for
for these counts was 0.468%, showing that the foil positioning was very re-
producible,
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Component Tests = Scintillation Counter - The dead time of ‘
the scintillation counter cannot be measured conveniently by the oscilloscope
method owing to the extreme sensitivity of theamplifier. This dead time was

measured by the double source method, using unirradiated uranium pins for ”
the sources. The discriminator level had to be reduced in this case to get i
enough counts, and the scintillator background went up. The usual dead time -
formula had to be modified to include the backgrounds. The average of three ’
measurements on the dead time was 76 microseconds, which is rather high ) -

for this instrument, Circuit modifications could probably reduce this to
20 to 30 microseconds,

The 412~kev gamma ray of Au'®® occurred at a discriminator
setting of 460, gain 0,2, with 600 volts on the photomultiplier tube, All urani- R
um activities were taken with a discriminator setting of 500; i,e., only fis-
sion product gammas with energies greater than 450 kev were measured.

The background of the scintillator was measured to be about -
30 cpm. The 1/2 inch pin background was about 500 cpm three days or more
after irradiation. After this time the pin background is essentially constant,
even for periods of several weeks.




F.BEYER:0.D.,4-15.53

|

i

EAST WING

]

Fr—

IPR-|

|
L CONTROL @F! _
A=

()

&Y

1

’
7/
e

«
(7 X
A\ V)

t
1
| |
I PREPARATION PREPARAT I ON
| OFFICE SHOP mi” ROOM — D ZPR-1 '
| | | B D REACTOR
ROOM
| ’ ' 2°R-11 | ‘
i CONTROL CONSOLE T
| ! E R I )
\CONFERENCE | = AR l
| ROOM = :
—F= - DL, | | Nt e A BN m b ::i P I
T i
1 2 ! L
| ’ 3 3
1 | '
g {
‘ gg COUNTING | ZPR-11 !
MEN'S ROOM = VAULT ] VAULT WORK ROOM RE;(JCOT“OR l
SETE= > o0 i —s A 1] iy
l 1 ’ SPIRAL I poneniing B Hhab
STAIRCASE e |!x’ :’ 1 I:ll
- T0 |‘: } z |
PENTHOUSE | Iy | S [ | |
i P | 2 !
WEST WING Iy po [ £ n
. [ P! ! o )
| | | - |
J I 3 4 3 I ( | | s I I
b
| 0 40 “L\ A L\‘_,/’ it
S FEET lnoosromcs ] Il
) FIG 2-1 f G Ryl
D-318
PR BUILDING
NP-7-10762-C

¥



AR
R
BREATHER
0,0 H,0
ILTER LTER J=
SIGHT LEVEL
| WEIR GAGE\T
R BLOWER AR :
[REFRIGERATOR AR WATERl WATER
} CONDENSATE HEATER REACTOR TANK
coLo ARl CONDENSATE — >
TANK
HOT AIRI [M‘_ETIER]
VENT_LINE AR 1 _W_ALEE_
L E AR
R DUMP
DUMP_LINE g WATEF Dove
AR AR AR &Y Tt —a WATER]|| AIR
FILL L.,\EE& WATER ZPROPORTIONAL CONTROL VALVES ,
WATER DRAIN LINE
[a]
[l
&
A
D,0 STORAGE TANK D,0 STORAGE TANK “E 5T
WATER ZPRI FLOW DIAGRAM
ol ——t—
WATER PUMP ) il o IO =
= L || neome wmow, Lagosixromy
—— o g 2 f CRITICAL REACTOR
I U T = [TP-so1-D
1 . ‘
l 3
A . . . . « 1 e )~ . . .

(44



FIG. 2-2.1a
GENERAL VIEW OF REACTOR TANK
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FIG. 2-2.1b
VIEW OF THE INSIDE OF THE REACTOR TANK
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FIG. 2-2.1d
TOP VIEW OF THE REACTOR
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FIG. 2-2.5
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FIG. 2-2.7
REFRIGERATION AND DRYING UNIT




FIG. 2-2.3d
CONTROL ROD POSITION INDICATION ASSEMBLY
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FIG. 2~-2.8
SOURCE DRIVE UNIT
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FIG. 2-3
REACTOR CONTROL CONSOLE
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FIG. 2-4.2¢
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FIG. 2-4.2d
VERTICAL TRAVELING MONITOR DRIVE AND CARRIAGE
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FIG. 2-4.2¢
HORIZONTAL PROBE DRIVE AND CARRIAGE
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FIG. 2-4.2f
CONTROL ROOM PANEL FOR TRAVELING FLUX MONITORS
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FIG. 2-4.3b
CRYSTAL SCINTILLATION COUNTER WITH PULSE HEIGHT ANALYZERS
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3 DESCRIPTION OF THE EXPERIMENTS

3-1 Method of Describing Experiments and Results

The experiments which have been performed with ZPR-II during
the nine months covered by this report are grouped in the following sections,
so that each section covers all the experiments of a particular type or pur-
pose. The opening paragraph of each section gives the purpose for and appli-
cability of the particular type of experiment with relation to the objectives of
the ZPR-II program as outlined in the introduction, Section 1-2. Next,the
experimental and calculational techniques are described, and the experimental
data presented. Techniques are described only in the section under which they
first appear.

The theoretical analysis of the experimental results for extrapolation
to CP-6 and for interpretation with respect to the lattice constants is given in
Chapter 4.

3-2 Buckling Experiments in Flattened Zone and Buckled Zone Lattices

3-2.1 Purpose

The bucklings of the basic lattices for CP-6 were measured
in ZPR-II to serve three major purposes:

a. To measure the absolute B? accurately o provide a basis

or flux distribution calculations in CP-6.

b. To compare with results of the exponential program so
as to see how results measured in an exponential tank
extrapolate to a larger, critical reactor; this helps in
evaluating calculational methods and checks the useful-
ness of the exponential experiments.

c. To provide a basic absolute B? value so that further ex-
periments in ZPR-II on the change in B? due to various
perturbations can be properly interpreted.

In a critical reactor, B? can be measured in two ways:

a. By measuring the geometrical size (in this case, critical
D,0 level).

b. By measuring the flux shape and fitting it to theoretical
curves.

Fitting the measured flux shape to a theoretical curve can be
done reliably only if the reactor is uniformly loaded over its entire volume.
When this is done, this method provides the most accurate absolute measure
of B?, more accurate than the exponential because the larger size permits a

/ /{\9
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more representative sample of the lattice, and more accurate than measure-
ment of the critical size because of uncertainties in the reflector savings.
Incidentally, the reflector savings are determined from these flux plots by
determining the distance from the tank at which they extrapolate to zero.

Measurement of geometrical size or critical height provides
an extremely sensitive method of measuring small changes in B? and control
rods, safety rods, change in fuel element composition or design, etc., where
a representative portion of the perturbed lattice can be placed in the center

of ZPR-II. -

In these first experiments, B? was measured for the pile
loaded uniformly with each of two lattices:

F., Z. Lattice: The flattened zone latticeihhs the same patiern
as the loading of the flattened zone of CP-6 with no control rods or S-tubes in
the centers of the lattice hexes. Figure 2-2.le shows a diagram of the lattice.
The F. Z. lattice has all of the positions at the centers of the broken circles
empty.

B. Z. Lattice: The buckled zone lattice consisted of the load-
ing which exists in tliem}iuckled zone of CP=-6; namely, all lattice positions
loaded with Q-tube fuel elements.

3-2.2 Experimental Technique

The neutron flux distribution in a cylindrical reactor is
given by:

¢ = AJy (B,r) cos B,(z - t),

where A is some constant determined by the power level of the reactor,

Jo is the zero-order Bessel function, B, is the radial buckling, r is the
radial distance from the reactor axis, B, is the axial buckling, z is the
vertical distance from the bottom of the reactor, and t is the vertical dis-
tance from the bottom of the reactor to the flux maximum. The flux, ¢ , or
rather a foil activity or meter reading proportional to the flux, is measured
at points (ri, zi) with indium foils (Section 2-4.3) or with the traveling ion
chamber (Section 2-4.2). A least mean squares analysis of the n sets of data
(¢i, ri,zi) gives the values of B,.,B_, and t, and the total buckling is given by:

2 2 2
B :Br+Bz

This value B? is then corrected for the extraneous absorbers in the tank to -
the value for the bare lattice.

ITO




The flux distributions were measured with indium foils for
the flattened zone lattice (hex centers empty) and for the buckled zone lattice
(hex centers filled). The vertical flux distribution was measured with the
traveling ion chamber in the flattened zone only.

Indium Foil Measurements - The indium foils were placed
in long foil holders which could be inserted in eight guide tubes semi-
permanently placed in the tank at equivalent positions with respect to the
hexagonal lattice structure. The positions chosen were at mid-points be-
tween two Q-foils, as shown in Figure 3-3.4d, at distances 15.40, 32.05,
54.08, 70.56, 85.72, 96.16, 111.38, and 136.85 cm from the tank axis. The
bottoms of the 1 inch diameter guide tubes were fixed in holes in the bottom
lattice of the tank, and the tops extended through the tank cover plates where
they were sealed with O-rings and gaskets. These tubes had 40 mil thick
walls and were made of 2S5 aluminum. They were provided with water inlet
holes.

Foil Holders - Six of the foil holders were aluminum
ladders, 120in. x 7/8 in. x 1/8 in., to which the foils could be taped with
6 inch spacing. The spaces between foils were cut away, leaving only thin
ribs. The bottom foil position was 8 inches from the tank bottom. Two
other foil holders, used for the axial buckling measurements, were made
with foil holes 1 inch apart, with a sliding cover that allowed easy loading
and unloading of the foils. The 1l inch spacing of foils is too close for accu-
rate flux information because of flux depression by the indium, but a rather
detailed flux plot is available after two or three runs by changing the foil
positions while keeping the spacing constant. An exploded view of this hold-
er is shown in Figure 3-2.2. The cover fits into the holder base and is held
by straps (not shown). In loading, the holes in the cover and, holder base
are aligned, the foils inserted, and the cover is displaced 1/2 inch to secure
the foils. In unloading, the cover is returned to the open position, and the
foils are dumped out.

In measuring the bucklings, foils were loaded 6 inches apart
in the holder nearest the reactor axis, and three foils were loaded in each of
the other seven holders at 14in., 32 in., and 50 in. from the tank bottom.
This gave three measurements of the radial buckling and one measurement
of the axial. The axial buckling measurement was repeated twice.

Vertical Traveling Ion Chamber Measurements - The travel-
ing ion chamber described in Section 2-4.2 was inserted in the vertical probe
hole nearest the axis (Figure 3-3.4d) and used as a check on the measure-
ments of the axial buckling. The vertical flux distribution is given by

- ¢ = Pycos B, (z-t), where the symbols have the same meaning as before

(¢o replaces é) The distance z is measured by a synchro-selsyn attached
to the probe drive; ¢ is the reading on the meter of the D.C. amplifier.
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3-2.3

bucklings.

The method of finding B, was the following:

1)

A more detailed analysis than the above is necessary to
obtain good values of reflector savings.

A traverse was made, taking meter readings every
(From these data a least squares analysis
could be made.)

5 inches.

From a plot of the traverse the distance t is found. This
need not be very accurate.

also noted.

Values of z are measured above and below the flux cen-
ter for picked values of qb/(bo =

The two values of (z -t) for the same ratio ¢/¢o are
averaged (which is independent of t), and since (z -t)
and cb/d)o are known, a B, for every ratio ¢/q§o is found.
These are averaged, and the vertical buckling is BZ

Fitting the Theoretical Flux Curve

In the least squares analysis of the data, only those data
were used which were taken at points 20 cm or more from the boundaries
determined by the reactor bottom, wall, and critical water height.

Two fitting methods were used to get the best values of the
Both methods involve an iteration process which seems to con-
verge quite rapidly; however, the second method requires much less com-

The maximum flux, ¢, is

0.85, 0.80, 0.75, etc.

puting. Usually only two iterations were necessary. The first method

assumes that all points have equal relative errors; the second, that they
The true test of the final values of B,., and B,
and t depends, of course, on how well the curves determined by these values
Only the final iteration formulas will be given

have equal absolute errors.

fit the experimental points.

here.

flux at points r;.

1)

The first method is described by Barnes, etal. in TID-5025.

Brz=Br1 +

J
TiT, —(Bryrj) |

|Lb_>'

.

= 3t (Brlrl)] - z[ 7 (Brlrl)]

where By; is a first approximation to By, By, the second approximation,
Ay = fi/J'o (Briry), A = ZAi/n and the fi are the n data proportional to the
i




2(z; -t;) tan [le (z; - t1)][§i - 1]
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Bzz = Bz +

where By; and t, are first approximations, Aj = f,-_/cos [Bz1(zi -t)] ,
and the other symbols have the same significance as above.

A.
_1 Ztan [Bzz (25 - tl)] —=-1
Bz i A |
%‘atanZ [Bzz (z - tl)] - i—{zi;tan [Bz,z (4 - tl)J}Z

t, =4 +

2) The second method was developed by F. Driggers.

Arp = Ap1 + 6 A

1]

where 6Br and o Ar are found from the solutions of :

8A,% a}-6B,.2a;b; +2a;d; = 0
1 1 1

SA,L ;Eaibi -8B iZbi + %bidi =0
and aj = Jo(Bri1y)

bi = Ar11iJ; (Briri)

d; = Ar1 Jo (Briry) - £

Here again, Byjand Ay, are the first approximations.

For B, and t we have:

AZZ = Azl + 5.Az
BZZ = le + 5BZ
tz = tl + 61’.
where: 2. Za.b. =
er (SAZZiZa1 6B, ab, + étiZ a,c.+ %aidi 0

A Zab.-96 > p? -
& zialbl BZ ibi+c‘5tz:ibici+>:ibidi.o

2 =

013

%{% (z.i -t;)tan [le (zi -tl)]}z - %{(zl -t;)tan z1(zi 'tl)]}z )



and ai = COS [le (Zl - tl)]
b1 = AZl (Zl - tl) sin [le (Zi - tl)] : -
c; = Az Bz) sin [le (Zi - t1)]

[N
1

i AZl cos [BZI (Zl - tl):l-fl

Example - An example of the first method using the axial data
of Run 1 for the flattened zone lattice is given on the following page.
All the f; proportional to the flux have been corrected as noted in Section .
2-4.3.

Table 3-2.3

DATA OF RUN 1 (F. Z. LATTICE)

z; (Cm) fi

20.32 63.44

35.56 94.07 ‘

50.80 119.0 - :

66.04 134.2

81.28 138.9 -

96.52 133.3 - _
111.8 117.3 v
127.0 90.96
142.2 60.92

From a plot of these data, t; was taken as 81.28 cm, Az = 138.9,

and By, =1 2 cos_l_f_i- /z- -t;| = 0.01816 ecm™ . It is found that:
n Ayt

A.
2(z4 - ) tan [Bas (2 -m][Tl - 1] -0.3291

A =138.5 n=9

%{f_‘(zi - t;) tan [Bm (zi - tl)]]z = 16894, and

§{(zi - ;) tan 13321 (z; - tl)]}z = 35411
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Substituting in the equation for By, :

-.3291

Bz, = .01816 - 16894-35411

.01816 + .000018 = 0.01818 cm !

Then:
1 ]| A 66
t B ;-1 — -1 = ~7.2
Bzz§an[22(21 l] A !
A =138.6
3 tan® [Bzz (z5 - tl)jl = 11.360
i
2 -6
1 {Ztan [BZ;_ (Zi - tl):l} =1.8x10
nii
Hence: )

7.266
11.360 - 1.8 x 107®

o+
[
I

= 81.28 +

81.28 - 0.6396 = 80.64 cm.
A second iteration of B, gives a negligible correction.
3-2.4 Determination of the Reflector Savings

If a bare critical reactor has a certain dimension, H,, it
will have another smaller critical dimension H if a reflector is added to it.
The difference in the two measurements is expressed as the reflector savings,
S, so that S = Hy - H. In ZPR-II the axial flux is given by ¢ = ¢4 cos [Bx(z-t)],

and the dimension limits of the reflected pile are found when B, (z-t) is set
equal to t 71/2.

The top reflector saving is then given by:
- o -
St = 2B, +t - 2.4 » Where

Zcrit, 1s the measured ctitical water height for the axial buckling BzZ . The
bottom reflector saving is:

Sp =—2— -t + 8.9 cm.
2

z

The 8.9 cm is added because the bottom of the fuel is 8.9 c¢m above the tank
bottom.

-
(S
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The radial reflector saving is obtained when J, (Brr) is set ‘
equal to the first zero of the Bessel function of zero order, or 2.405. The ’ -
radial reflector saving is given by:

_2.405

r

S - 153.7 cm,

T

where 153.7 ¢cm is the reactor radius.

3-2.5 Experimental Data for Bucklings and Reflector Savings

The following tables give the results of the runs on the
F.Z. and B.Z. lattices.

Table 3-2.5a

VERTICAL BUCKLINGS

Date Lattice D(zfml)lt B, x 102 (ecm™Y) | t (cm) Si {cm) Sy, (cm) “
4/8/52 F.Z. |162.00| 1.818 80.64 |5.04 14.7
4/14/52 | F.Z. [161.8 | 1.829 80.74 |4.82 14.04
4/18/52 | F.Z. |162.5 | 1.813 80.84 [4.98 14.70
4/23/52 | F.z. |162.3 | 1.812 80.84 | 5.23 14.75 N
Average: 162.15| 1.818 £ .005 [80.77 |5.02% .5/14.55% .5 ’
6/16/52 | B.Zz. | 177.97| 1.646 89.03 |6.49 15.30
6/17/52 | B.Z. | 171.80| 1.635 88.97 |7.24 16.00 y
Average: 177.88| 1.640 £ .005 |[89.00 |6.87 % .5]|15.65% .5
Table 3-2.5b ’
RADIAL BUCKLINGS
Date Lattice Tank radius (cm) B, x 102 (em™}) S, {cm)
4/18/52 F.Z. 153.67 1.504 6.24
4/18/52 F.Z. 153.67 1.507 5.92
4/18/52 F.Z. 153.67 1.499 6.77
Average: 1.503 £ .005 6.31 £ .5 »
6/16/52 B.Z 153.67 1.506 6.02
6/16/52 B.Z 153.67 1.512 5.39
6/16/52 B.Z 153.67 1.508 5.81 i
Average: 1.509 + .005 574t .5 v

The vertical traveling ion chamber gave B, = 0.0184 x 10"%cm=™t, S5; =4.72 cm,

and Sy, = 12.39 cm. This was the average of six runs.




The indicated error in the values for B, and B, listed in the
previous tables is simply the root mean square deviation from the mean of
the twelve values listed in the tables. This deviation corresponds to 0.3% in
B, and B,, 0.6% in B} and B, and about 0.9% or £ 5 x 107¢ cm™ in BZ,

The indicated error of 0.5 cm in the reflector savings is
that deviation in the reflector savings caused by the indicated deviation in
BZ or BI"

The indium foils were counted to a total of 40,000 counts or
over. Since only the relative saturated activities were used and since the
measurements for each lattice were all done in a few days, there is little
chance of systematic errors. Thus it can be assumed that the errors in
counting are purely statistical and amount to 0.5%.

The raw or uncorrected data is summarized below. The
results of the ion chamber measurements are not included in the averages.

Table 3-2.5c¢

UNCORRECTED BUCKLINGS

Flattened Zone Buckled Zone
B% cm™ 2.26 x 1074 2.28x107*
- - —~4
B2 cm™ 3.30 x 107* 2.69 x 10

Figures 3-2.5a, b, ¢, and d show the closeness of fit of the curves de-
termined by the least squares method to the experimental points. Figure
3-2.5e shows the vertical flux distribution over the entire length of the tank
with a critical water height of 70.05 inches.

3-2.6 Cadmium Ratios

Cadmium ratios of indium were taken at various heights in
the reactor at the positions of the foil holders marked in Figure 3-3.4d. The
cadmium covers were 0.030 inch thick pill boxes which fit over the indium
mounted on the aluminum disks. The ratio was obtained by comparing the
saturated activities of the covered and uncovered indium.

. In the F.Z. lattice the cadmium ratio varied from 5.31 to
5.60 in ten measurements. No correlation of this ratio with positions in the
reactor was noted. The average ratio is 5.51. Since all the readings were
taken at points midway between two Q-tubes where the flux is 1.13 times the
cell average, this corresponds to an average cadmium ratio throughout the
cell of 5.00. R

R T
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In the B.Z. lattice the cadmium ratio varied from 4.71 to ‘
4.97 in five measurements. The average is 4.80. The flux between two
Q-tubes is 1.22 times the average, so the cell average cadmium ratio is4.13.

3-2.7 Corrections to the Bucklings for Extraneous Absorbers

The values of B, and B, given in Table 3-2.5c are those per- ’
taining to the lattice with a fair amount of extraneous absorber in it. To ob- .
tain a value for the buckling of the bare lattice it is necessary to estimate
what this absorber is worth in terms of B? (specifically, BZZ) The corrections
made for the flattened zone lattice will be discussed as an example. The
extraneous absorber in the lattice when the buckling measurements were made
consisted of 1 septafoil in no. 4 hex. 12 safety rod thimbles, 1 or 8 finned s
tubes and foil holders, and 4 vertical traveling monitor tubes.

1) With four safety rod thimbles removed, the critical
height was 159.5 cm. With the thimbles replaced, the ‘
height was 161.9 cmm. The reflector savings below the
tank bottom and above the water level are about 6 cm
each; hence, the heights of the equivalent bare reactor,
from which the buckling is calculated, were 171.5 and
173.9 cm. v

Thus:

2 :
B2 = A(l) = 2 _13 - _13 - .
h \hz I .

=i —3 — - L ) 9.40¢107¢cm™ )
(171.5)%  (173.9)%

Since the thimbles are spaced more or less symmetrically
aroungd the center of the tank, it is assumed that their ef-
fect is additive. Hence, for twelve thimbles,

AB? =3:947-107%=28.4 - 10" em™

2) One septafoil tube was placed in no. 5 hex, giving a
critical height of 161.9 cm. With the tube removed, the
height was 161.7 cmm. Proceeding as above,

1 1
AB* = - = 0.8 107 cm™ ..
(173.7)*  (173.9) em

3) One septafoil tube weighs 9 lb, of which 5 lb were under ~
water. This is 840 cm?® of Al; with a Sa for Al of 0.013,
this is 11 cm® of absorber. A finned tube and the foil
holder were weighed, and the four traveling monitor
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tubes were estimated to be equivalent to six finned
tubes, giving a total of 7.1 cm? of absorber. This Al
was mostly in a region of somewhat greater statistical
weight than that of the S-tube discussed in 2); hence,
balancing smaller area against greater statistical
weight, an estimate is made that the finned tube plus
four traveling monitor tubes plus foil holder gives a

AB% of 0.6 - 107% cm ™2,

4) The total correction is now 28.4 + 0.8 + 0.6 = 29.8B% units.

The effects of the In foils present during the measure-
ments and the horizontal traveling monitor tubes lying

a few inches below the water surface have not been con-
sidered. Taking these factors into account, the total AB?
is rounded upward to 31 - 1076 cm™° The same AB; was
used in the buckled zpne. The final results corrected to
the unperturbed lattice are given below:

Table 3-2.7

BUCKLINGS, REFLECTOR SAVINGS, AND Cd RATIOS FOR ZPR-II

F.Z. B.Z.
BZ 2.26 x 10™ 2.28 x 107
B 3.61 x 1074 2.99x 107
B? 5.87 x 107 5.27 x 107
B? (1 septafoil/hex) 5.76 x 1074 -
Top Reflector Savings 5.02 6.87
Bottom Reflector Savings 14,55% 15.65%
Radial Reflector Savings 6.31 5.74
Cd Ratio (measured) 5.51 4.80
Cd Ratio (cell average) 5.00 4.13

*Includes 8.9 cm of D,0 between bottom of reactor and

bottom of core.

3-3 Cell traverses

3-3.1 Purpose

The experiments in the preceding section were aimed at

determining properties of the lattice as a whole, and flux distributions were
determined by measuring the flux at equivalent points in successive lattice

i
[ N

N N
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units. The experiments described in this section determine the flux vari-
ations within the lattice unit. These detailed flux traverses are required
for the following reasons:

a. To determine the local distribution of the flux in the
fuel and control rods; to make possible the calcula-
tion of heat generation and plutonium production
throughout the fuel element; and to determine ways
to make the flux as uniform as possible to enable
operation at maximum power levels. -

b. To determine basic lattice parameters, particularly
L? and f, from which thermal leakage and neutron
efficiency can be calculated.

The thermal diffusion area, L%, and the thermal util-
ization, f, are related to the measured average flux values in the fol-
lowing way:

th

a. Disadvantage factor of i*" material: d; = ai/acell
1

b. Effective absorption cross section: Za = (=avd), .
cell 1 1 B "
Th 1 utilization: f (Zavd),
C. ermal utilization: f = Z(Zan), _
i i

d. Thermal neutron diffusion coefficient, D, obtained from
other experiments.

e. Thermal diffusion area: L* = D/ﬁla .
3-3.2 Foils, Foil Holders, and Counting .
The measurement of flux contours was accomplished by
activating natural uranium pins for twenty minutes at a flux of # 7 x 107
neutrons/cmz/sec (center of pile), and counting the gamma activity greater
than 0.5 Mev resulting from fission product decay. -
Advantages accruing from natural uranium activation are:
a. The data are proportional to the total number of fissions. .

b. The foils do not alter appreciably the neutron spectrum. -

c. A large number of exposed foils can be counted in a
relatively short time.
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Disadvantages are:

a. The decay of the activated foils is non-exponential.

b. Discrimination has to be made against gamma rays re-
sulting from the products of U?3 resonance capture,
which have an energy of less than 0.5 Mev.

c. The fissions are not due entirely to thermal neutrons;
fast fissions and fissions in the U?*® resonance bands

also take place.

The natural uranium foils or pins are 1/16 inch in diameter

and 1/2 inch long. The standardization of these is described in Section 2-4.3.

The foil holders used in the moderator (Figure 3-3.2a) are
essentially two pieces of 25 aluminum, 1/8 in. x 1/8 in., which space the U
pins every 1/2 inch. When the pins are inserted, the general shape of the
foils and foil holder is that of a ladder. The ladders, containing 1, 2, 3, or
6 pins, can be joined together at 0°, 45°, or 90°. Hence,a variety of shapes
can be obtained to measure moderator flux around the Q-tubes.

A special slotted fuel rod (Figure 3-3.2b) through which a
foil holder could be inserted was used in measuring the flux through the
fuel and in the center of a Q-tube. The slot, 3/4 in. x 1/8 in. wide, was
cut 41 inches above the bottom of the tank, and all fluxes were measured
at this height. The pin holder which went through the slot was made of
Monel metal, since this has an absorption cross section close to that of
the removed uranium. The pins were 3/32 inch center-to-center in the
fuel rod. A small extension on one end of this foil holder allowed meas-
urements at the center of the Q-tube, and on the other end the moderator
ladders could be attached to the fuel rod foil holder to measure the flux
from the fuel rod edge out into the moderator.

To check the effects of neutron streaming through the Monel
fuel rod foil holder, the Monel and slotted U fuel rod section were replaced
in one experiment by a uranium cylinder which spaced the pins 1/8 inch
apart along two rod diameters at 90°. No noticeable difference was obtained
with the U cylinder.

The flux measurements on the perimeter of the Q-tube were
obtained by taping 16 pins around the tube at the 41 inch level, and later this
was checked by using a holder that fit tightly around a Q-tube with places
for many pins (Figure 3-3.2c).

Up to 40 pins could be exposed simultaneously, and 2 or 3
experiments per day were possible. The counting procedures used in these

experiments are described in Section 2-4.3. . R
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3-3.3 Procedure in a Typical Run

The first step in preparing for a run was to lay out the po-
sitions of the uranium pins on a full ~scale drawing of the unit cell and its
immediate surroundings. The pins were then drawn from numbered enve-
lopes and placed in the foil holder assembly, the numbers being noted in the
proper position on the drawing. The whole assembly was then positioned in
the lattice - a job that often required a fine appreciation of solid geometry. O
An In foil was also put in a standard position to serve as a check for nor-
malization.

The pile was brought up to power as rapidly as possible,
usually in about 10 minutes, and leveled off by inserting a Cd control rod in .
no. 4 hex. By simultaneously letting out water and withdrawing the rod, one
could then remove the rod while maintaining a reasonably constant power.
As mentioned previously, the central moderator flux was 7 ° 107, or a power
of about 70 watts. This level was maintained for twenty minutes, after which .
the pile was scrammed and the foil assembly removed. After a cooling peri-
od of 50 minutes, counting was begun.

3-3.4 Flattened Zone Cell

The flattened zone lattice had the hexagon centers, or con- g
trol positions, empty.

For reasons of symmetry, it is not necessary to investigate N *
the flux throughout an entire hex. There are essentially only two different -
orientations of Q-tubes, Types I and II, in a hex.* Remembering that each
Q-tube is aligned so that a side of the square formed by its four fuel elements .
is parallel to an I-beam, it is seen that this square can be oriented in one of .
two different ways with respect to a line drawn from the center of the hex to
the center of the Q-tube. Hence, the unit cell will include these two kinds of
Q-tubes and covers one-third of the hex, as shown in Figures 3-3.4a and -
3-3.4d. The cell explored in these experiments was that surrounding Q-tubes
1-A and 1-F.

A total of 18 runs was made: 11 pins could be accommodated
along a diameter of a fuel rod, and about 30 could be exposed in the moder-
ator. Corrections were made in the usual way for decay, statistical weight .
of the pin position, etc., to obtain saturated activities. The normalized ac-
tivities were plotted on a drawing of the unit cell, equiflux contours were
drawn in, and the areas between contour lines were measured with a pla- -
nimeter to get the average flux. These contour lines are shown in Figures
3-3.4a, b, and c. »

*Actually, not all Q-~tubes of Type Il are exactly equivalent. For def-
initeness, consider 1-A and 1-E in Figure 3-3.4d. I-A, looking NE,
sees Q-tube 2-F. I-E, looking SW, sees open water (the S-tube po-
sition in no. 5 hex). The asymmetries in flux distribution caused by
this situation are assumed to be negligible. .82




' In some regions of the cell, data from different runs failed

’ to agree within experimental error, which means that the exact shape or
location of a contour line in such a region may well be open to question. How-
ever, since the disadvantage factor is obtained by an averaging process, its
value will be considerably more reliable.

’ B The results of this experiment are presented in Table 3-3.4.
Table 3-3.4

PARAMETERS OBTAINED FROM FLATTENED ZONE
CELL TRAVERSE DATA

Total Thermal
. dy 0.49 0.46
dmod 1.04 1.05
Za, eff,cm™! - 9.77 x 1073
. L%, ¢cm? - 92

These values have been corrected for the Al present, for the
Wilkins effect in the fuel, and for impurities in the moderator. Values in the
“Total” column are based on the actual fission flux seen by the U pins. “Ther-
mal” values were derived using three measurements of the Cd ratio (average,
23.4,fifty minutes after scram) at the no. 1 foil holder position and two sets
of measurements of the epi-cadmium flux distribution in fuel and moderator
which were made in the ZPR-II lattice. A value of Sa = 0.326 cm™ for U
was used in calculating Ja, effective,and the diffusion constant, D, was taken
as 0.90.

The effect of the orientation of a Q-tube on the average dy
in that tube was found to be nil, However, considering the du’s of the indi-
vidual fuel rods, there is some indication that they fall in pairs. In Q-tube
1-F, rods 1 and 4 have du’s of about 0.45; in rods 2 and 3, d, is 0.47. This
difference is undoubtedly due mainly to shadowing. In Q-tube 1-A, also, the

- value of dy is 0.45 in rods 1 and 4, 0.47 in rods 2 and 3. This is not very
plausible on the basis of shadowing effects alone.

* Taken from the standpoint of flux level only, the hot spots
_in Q-tubes of Type I (Figure 3-3.4b) occur, as would be expected, along the
. circumferences of the two fuel rods nearer the center of the hex, the maxi-
mum flux being 0.42. (The maximum flux in the two more distant rods is
. 0.40.) The type II Q-tube contains a fuel rod that is closer to the center

than any other in the unit cell; hence, the flux at its edge is the highest, 0.44.

. v B3
. o
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Figure 3-3.4c shows this 0.44 contour line touching the boundaries of two
other fuel rods (the SE and NE rods in the figure - actually rods 1-A-2

and 1-A-1 in the lattice). The data do not fix the exact location of the curve
around these two rods, and it seems reasonable to assume that the maxi-
mum flux at their edges is a little less than 0.44, on account of shadowing.
However, the data do clearly indicate that the maximum flux in the NW rod
of Figure 3-3.4c (1~A-4 in the lattice) is only about 0.40, a result which
would not be expected from geometrical considerations.

The maximum flux gradients are, of course, found in the
regions of the fuel rod farthest from the center of the Q-tubes. We will
not attempt here to go into the problem of predicting the location of great-
est thermal stresses from these data.

3-3.5 Buckled Zone Cell

The buckled zone loading is a regular triangular pattern
of Q-tubes spaced 7 inches apart.

The unit cell in the buckled zone lattice is quite simple,
since all Q-tubes are equivalent. It can conveniently be taken as one-
quarter of a hexagon centered on a Q-tube, the sides of which hexagon are
the perpendicular bisectors of the lines from the center of the Q-tube to
the centers of its six nearest neighbors.

The experimental procedure was the same as for the flat-
tened zone measurements. Because it was desired to get on to the ZPR-II
lattice as quickly as possible, only three runs were made, and hence the data
are less detailed than they were in the flattened zone lattice.

The results of this experiment are presented in Table 3-3.5.

Table 3~3.5

PARAMETERS OBTAINED FROM BUCKLED ZONE
CELL TRAVERSE DATA

d Total Thermal
dy 0.55 0.51
dmod 1.04 1.06
Sa effective,cm™} - 1.28 x 1072
LZ, cmt - 70
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These values have been corrected for the Al present, for the
Wilkins effect in the fuel (flux peaking near and between fuel slug ends), for
impurities in the moderator, and for the observed Cd ratio of natural U pins.
The diffusion constant, D, was taken to be 0.90.

Values in the “Total” column are based on the actual fission
flux seen by the U pins. “Thermal” values were derived using three meas-
urements of the Cd ratio (average, 23.4, fifty minutes after scram) at the no.
foil holder position and two sets of measurements of the epi-cadmium flux
distribution in fuel and moderator which were made in the ZPR-II lattice. A
value of Ja = 0.326 cm™! for U was used in calculating Za, eff.

—

The flux plot (Figure 3-3.5) shows no unusual features. The
flux data were normalized to 1 at a point of the unit cell farthest from the
center of the Q-tube. The maximum flux in the fuel is 0.65, or perhaps a
little higher, and, as would be expected, occurs along that part of the edge of
the rod farthest from the center of the Q=-tube.

3~3.6 Cell with Control Rods

Natural U pin activations were used to make a detailed in-
vestigation of certain aspects of the flux distribution in the central hex with
several different control rod configurations. These were supplemented by a
flux traverse in essentially one radial direction using Cu pins and also using
Cd=-covered natural U pins.

The procedures used for flux measuring were the same as
those previously describeyd< In addition, however, special Li-Al control rods
with slots that could hold uranium pins (Figure 3-3.6a) were used for meas-
uring the flux inside of the control rods.

Figure 3-3.6b gives the normalized pin readings obtained at
the 41 inch level with the following control configuration: In S-tubes 2-7, the
d rods were at 0.75 inch, the g rods extended from 16.7 inches to 67.7 inches,
and the b rods were at 65 inches. In the central S-tube, the d rod was at 0.75
inch, and the g and e rods extended from 16.7 inches to 67.7 inches, the b rod
being out. The critical height varied from 109.04 inches to 109.35 inches.

The flux around three of the Q-tubes in the centiral hex was
measured at distances of 1/4 inch to 7/16 inch from the fuel surface, the
distances being dictated by the closest available pin holder positions in the
Q~tube clamp which was used. The center of the absorbing material in
S-tube 1 is shifted towards Q-tubes 1D and 1E. For this reason, the flux
in the moderator between Q-tube 1B and S-tube 1 is 7.6% greater than the
corresponding flux for Q-tube 1E. The average flux in the moderator about
3/8 inch from the U is 2.4% higher on the side of Q-tube 1B (average of 5
points) than for 1E and is 1.8% higher on the other side (5 points). It should
be noted that the flux within the two sets of fuel elements should vary less
than these figures.
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Q-tubes 1B and 1E have the same orientation with respect
to the S-tube. The situation is somewhat different for Q~tube 1C. The flux
in the moderator between 1C and the S-tube is 4.5% higher than for 1E. This
might lead one to expect that the flux near 1C would be slightly more than
1% liigher than that near 1E. Presumably owing to the different orientation
of the fuel with respect to the S-tube, the flux on the side near the S-tube
(5 points) is 2.1% less than for 1E, while the flux away from the S-tube
(5 points) is about 0.3% higher. The flux along the sides of 1C averages
about 2.3% lower (3 points). There is some difficulty in defining equivalent
points for the comparison of 1C and 1E. However, the average all around
1C is minus 1.2% or about 2 1/2% less than would be expected for the other
fuel orientation, judging from the moderator flux.

The Cd~covered pin runs were normalized for exposure
time and power level in the same fashion (uncovered pins in the squircle of
12B) as the uncovered runs, and the numbers in the two types of runs are
therefore directly comparable. The epi-cadmium flux seems to decrease
continuously and almost linearly through the fuel and into the moderator,
dropping about 25%.

The Cu pins (Figure 3-3.6c) were run for 2 hours at 80 watts
with the same control configuration as above. No attempt was made to make
the U and Cu measures of the flux absolutely comparable.

Figure 3-3.6d shows the normalized pin activations obtained
at the 41 inch level with the standard control configuration in S-tubes 1-7
(d rods at 0.75 inch, g rods at 16.7 inches, and b rods at 65 inches). The
fluxes are in general higher than in Figure 3-3.6b since the same normali-
zation factor is used and the cell control is less. The one exception is the
epi-cadmium flux, which seems to be slightly lower.

The flux around Q-tubes 1B and 1E seems to be, on the average, nearly the
same as one would expect from the symmetry of the control rods with re~
spect to these Q~tubes. For some unexplained reason, however, the side of
1B near 1D is about 5% hotter than the other side.

3-3.7 Flux in Control Rods
A profile of the flux in the control rods is shown in Figure
3-3.7. The direction of these traverses through the rods and into the moder-
ator is the same as that shown in Figure 3-3.6b.
3-3.8 Flux in Fuel and “Hot Tube Correction”
The flux in fuel tube 1E~2 and into the moderator is shown

in Figure 3~3.8a. The direction of these traverses through the fuel tube and
into the moderator is the same as that shown in Figure 3-3.6b.
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Later measurements were made of the effect on the U flux
of a larger number of rods in the septafoil. The results of these are shown
in Figure 3-3.8b. In addition, measurements were made with the horizontal
traveling monitor, and these results are shown in Figure 3-3.8c.

3-3.9 Flux at Control Rod Tips

The normalized pin readings of the four vertical traverses
which were made are presented in Figure 3-3.9a. The small circles repre-
sent U pins in a holder strapped to the outside of Q-tube 1E at the center of
that quarter of the Q-foil around fuel element 2. The pins are at a distance
of about 5/32 inch from the fuel surface. The scaling factor for these 4 runs
was the same but was different from the factor used for the horizontal trav-
erses. The large circles represent pin activations inside the squircle of
Q~tube l1E. Since the squircle flux is less than the flux outside the tube, these
4 sets of readings were scaled to about 100 using a third factor. Squircle
readings opposite Al spacers were reduced by 14.5%.

It is to be noted that the points of curve D of Figure 3-3.9a
are somewhat lower than the other 3 curves and that the pins outside the
Q~-tube fall below the squircle pins on the right side of the graph. The reason
for this has not been definitely assigned. The run in which these pins were
exposed suffered an accidental scram after 10.38 minutes. Counting was
started 50 minutes after this scram, and the same decay correction curve
was used as for the other runs.

With regard to the general reliability of the pin readings
outside the Q~tube and to variations between the outside pins and the squircle
pins, the outside pins were held in a rather flimsy Al ladder which was taped
to the Q-tube aboutevery 2 or 3 feet along its length; and since the flux gradient
is relatively steep near the fuel surface, slight variations in the over-all po-
sition of the ladder with respect to the U surface can account for considerable
variation in flux. Also, the high readings on curves C and D at 41.6 inches
might be accounted for by a bowing away from the Q-tube of the ladder between
two taped positions.

Figure 3-3.9b shows renormalized curves through the points
of Figure 3-3.9a superimposed so as to conveniently compare the effect at
the fuel of going from single to double half-rods in the central S-tube and in
going from half-rods with their tips together to staggered half-rods. The half-
rods present and their position with respect to the curves are indicated for each
case. Detailed information was taken only at the upper tips for the last three
traverses since curve A of Figure 3-3.9a indicated that deviations from a co-
sine distribution in the bottom half of the tank are negligible.

The average deviation from a cosine curve integrated over

the total height of the tank is estimated to be +4.1% for two half-rods with
their tips together, + 3.5% for the staggered half-rods, and +2.9% for a
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single half-rod.: In CP~-6, the corresponding deviations from a vertical cosine
distribution will be accentuated, calculations indicating that a considerable
peak should occur near the half-rod tips rather than merely a flattening as
observed here. If, despite the better cooling available at this peak resulting
from the lower cooling water temperature, the effect of this peak is to cause
a high fuel temperature in this region (thus limiting the over=-all power of the
reactor), some relief appears to be available by staggering the double half -
rods. For example, at 75 inches in ZPR-II, the flux excess compared to a
cosine distribution is reduced from 11.3% to 8.4% by staggering. It should
be emphasized that the single traverses which have been made do not provide
very accurate estimates of the flux and the quoted reduction should be viewed
as an order of magnitude estimate.

3-4 ZPR-II Lattice Flattening

3-4.1 Purpose

A series of experiments was performed in which the behav-
ior of the flux distribution was studied as.the flattened zone-was-approached..: .
Also, the character of the flattened zone as to its size and flatness was studied.
The objectives were to determine how easily and accurately a flattened zone
could be obtained and to determine the deviations from flatness and consequent
loss of power due to random irregularities in the lattice and reactor structure.
The approach to the flattened condition was observed with the aid of the hori-
zontal and vertical traveling monitors, and the flattened zone was then mapped
in detail using U pins.

These experiments have shown that it is possible to obtain a
flattened zone which is quite flat without special precautions with regard to
the orientation of the Q-tubes, position of the control rods in the S-tubes, or

control rod trimming. The deviations in flux levels in the Q-tubes of the

ZPR-II flattened zone are as large as 10% %ﬁ"’) However, these devi-+*-
ations are somewhat -systematic, occurring particularly at the edge of the
slightly tilted flattened zone and could be reduced by trimming.

3-4.2 ZPR-I1 Lattice Arrangement

In the tank were 234 Q-tubes, 13 S-tubes, 12 safety-rod
thimbles, 15 fixed monitors, 6 horizontal traveling monitor thimbles, and
4 vertical traveling monitor thimbles. Seven control rod towers were mount-
ed in control positions 1 through 7 (Figure 3-4.2), and six empty S-tubes were
placed in control rod positions 8, 10, 12, 14, 16, and 18. Control positions 9,
11, 13,.15, 17, and 19 were empty, having neither S-tubes nor Q-tubes. In -
control position 1, positions 1-a, 1-b, and 1-d contained 3.5% Li-Al full length _
rods, 1-c a cadmium rod, 1-e and 1-g 3.5% Li-Al half-length rods, and 1-f
contained a 7% Li~Al full rod. In the other six control hexes, positions a, b,
c,d, e, and f contained 3.5% Li-Al full rads, exceptrod 3-f (7% Li-Al), and

¢
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all g rods were 3.5% Li-Al half-rods. Rods b and g in all seven hexes were
remotely controlled.

3-4.3 Approach to Critical Flattening - Vertical Flux Distribution

The vertical traveling monitor traverses were made mid-
way between Q-tubes 1-A, 7-C, and 7-D (Figure 3~4.2) under the following
conditions:

Table 3-4.3a

ROD CONFIGURATION FOR VERTICAL AND HORIZONTAL TRAVERSES

Experiment Rod Positions - (inches) Critical Height* *
No. b rods* d rods* g rods* (inches)
1 out 0.75 out 86.18
1-A out 0.75 16.7 101.7
1-B 85 0.75 16.7 102.5
1-C 80 0.75 16.7 103.5
1-D 75 0.75 16.7 104.9
1-E 70 0.75 16.7 106.8
1-F 65 0.75 16.7 108.8

*all rod positions measured from tank bottom

**water temperature = 25.2°C

The vertical monitor is a remotely driven, boron-lined air
ionization chamber about one inch long. The vertical flux distribution was
obtained from meter readings of the amplified ionization current at five-inch
intervals up and down the reactor tank. The vertical flux plots obtained in
Experiments 1 and 1-A are shown by Figure 3-4.3.

For Experiment 1, in which all seven d rods were inserted
all the way, a normal cosine distribution should be expected. This is shown
to be the case in Figure3-4.3, where the data are compared with a cosine
distribution normalized to the base and height of the experimental curve.

An even better fitted cosine curve could be drawn if it were fitted by a least-
squares analysis.

The rod configuration of Experiment 1-A, in which all d rods

91

were inserted all the way and all the half-length (51 inches long) g rods inserted

to 16.7 inches, shows the largest deviation from the cosine distribution
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(Figure 3-4.3). As the b rods were inserted into the reactor, the vertical
distribution returned to the cosine distribution at a b rod position in which -
the bottom of the b rods and top of the g rods began to overlap.

The mean value of a normal cosine curve (height = 1.0,
base =7 ) is Z/’IT or 0.636. If the vertical flux data are normalized in the
same manner, the mean values of the curves obtained for the experiments
in Table 3-4.3a are: - -

Table 3-4.3b

MEAN VALUES OF VERTICAL DISTRIBUTION

BT | brea | drea | gred | o MUY 6s6)
1 out 0.75 out .995 -
1-A out 0.75 16.7 1.057
1-B 85 0.75 16.7 1.039
1-C 80 0.75 16.7 1.030
1-D 75 0.75 16.7 1.017
1-E 70 0.75 16.7 1.003
1-F 65 0.75 16.7 1.006 N

The b rod position of 65 inches above tank bottom was the
greatest possible insertion for which criticality could be maintained with
this control rod configuration.

3-4.4 Approach to Critical Flattening - Horizontal Flux Distribution

The horizontal traveling monitor gives a clear picture of the
radial flux distribution in the reactor. It travels parallel to the I~-beam axis
(Figure 3-4.2) through one of six thimbles, or guide tubes, traversing the
tank. Three of these thimbles are 55 inches above tank bottom, and three .
are at 80 inches. In these experimgnts, four of the traverse positions were
utilized. Table 3-4.4a gives these horizontal monitor traverse positions.

Meter readings from the D.C. amplifier connected to the .
ionization chamber on the probe were taken every 1.75 inches of travel, .
since this distance is an even sub-multiple of the Q-tube separation. During
a traverse, the neutron flux in the center of the tank was held constant to with- ~
in 0.3% at 4.1 x 10° neutrons/cmz/sec by observing a differential measure of -
the power (sensitivity increased by a factor of 10) and adjusting the water level
slightly as the probe was inserted and withdrawn. .
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Table 3-4. 4a

HORIZONT AL MONITOR TRAVERSE POSITIONS

Experiments Distance Perpendicular
Position Performed from Distance from Traverse Between
No. (see Table 3-4. 3a) Tank Bottom I-beam axis Q-tubes (Figure 3-4. 2)
1 1-1-F 55 inches 3. 03 inches 35E - 35F, 35C - 35D, etc.
2 1A, 1C, IF 80 inches 3. 03 inches 35E ~ 35F, 35C - 35D, etc.
3 1F 55 inches 21.2 inches 34C - 34D, 1TE - 33A, etc.
4 IF 80 inches 21.2 inches 34C - 34D, 17E - 33A, etc.

Horizontal flux plots of the raw data are shown in Figures
3-4.4a and 3-4.4b. The arbitrary position reading of 80 inches is the cham-
ber position closest to the axis of the reactor. The Q-tubes, control rods,
S-tubes, and safety-rod thimbles are all drawn to scale.

Since the curves in Figures 3-4.4a and 3-4.4b were obtained
in different runs on different days, it was not possible to repeat exactly the
power level in the reactor. Consequently, the two top curves of Figure
3-4.4a were adjusted to make the extremities of the curves match. This re-
quired only very small corrections. The same adjustment was made for the
three lower curves in Figure 3-4.4a. The two sets of curves in Figures
3-4.4a and 3-4.4b, one set taken at the level 55 inches and the other set at
80 inches, give the flux ratios at these two levels to at least within 3%.

The horizontal flux distribution with the chamber 55 inches
above the tank bottom (position 1, Table 3-4.4a) is shown by the two top
curves of Figure 3-4.4a. The flux plots are shown only for the b rods out
(dotted curve) and b rods at 65 inches (solid curve), The plots with b rods
at 85 inches, 80 inches, 75 inches, and 70 inches fall between the top solid
and top dotted curve.

The lower three curves of Figure 3-4.4a show the horizontal
flux distribution when the chamber is 80 inches above tank bottom (position 2,
Table 3-4,4a) at b rod positions of completely out and 80 inches and 65 inches
above tank bottom. It is evident from these curves that the addition of b rods
tends to flatten the distribution around the central control position. The largest
peak occurs when the chamber goes by an empty Q-tube position.
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Figure 3-4.4b shows the flux distribution for positions 3 and
4, Table 3-4.4a, néar the edge of the flattenéd zone, The flux'decrease OFcy, Hg - -

tilting on.the .control position 4 side of the reactor may be due to the hexag-
onal nature.of the edge of the flattened zone.

It is noted that the effect of safety rod thimbles is unnotice-
able in these flux plots. Another item of interest in Figure 3-4.4a is the ef-
fect on the flux of the displacement to one side of the b and d rods in S-tube
position 6. The control rods are displaced to the left of the 62.5 inch posi~
tion, while the flux is displaced to the right when the chamber is at 80 inches
above tank bottom. When the chamber is at 55 inches, it is below the b rods,
and the effect is absent.

The minor variations or wiggles in the flux curves are real,
since they occurred at the same places on many different occasions, butthey
are caused by a small horizontal displacement of the horizontal thimble de-
termining the path of the traveling monitor toward one line of Q-tubes. In
later experiments, when the thimble was bowed even more laterally, these
variations became completely regular with respect to lattice elements and
showed a flux variation of about 6%. The horizontal thimble was then re-
centered between the fuel elements, and the periodic variations in flux al-
most completely disappeared in subséquent traverses.

In order to estimate the extent of the flattened zone, which
is obscured in the raw data by the empty Q-tube positions, the flux near an
uncontrolled position may be corrected by imposing the buckled zone cell -
flux distribution along the line of travel upon the observed flattened zone cell
flux distribution. These are taken from the detailed flux plots of sections
3-3.4 and 3-3.5. These corrected flux distributions are drawn in for the
empty positions in Figures 3-4.4a and 3-4.4b. The extent of the flattened
zone then appears as given in Table 3-4,4b. '

Table 3-4.4b

SIZE OF FLATTENED ZONE

Position No. D;:;Zn;eo:tx;c;;n Distance across Flattened
(Table 3-4.4a) (inches) Zone (inches)
1 55 70
2 80 70
3 55 58 )
4 80 58
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The flux near a partially controlled cell could be corrected
in a like manner, but this at best would be an estimate, since no cell trav-
erses have been made in such cells at the present time,

The arrangement giving what has been called the standard
configuration: i.e.,

all d rods at 0.75 inch

all b rods at 65 inches

all g rods at 16.7 inches
was next replaced by symmetrical configuration:

rods 1d, 2a, 3b, 4c, 5d, 6e, 7f at 0,75 inch
rods 1lb, 2c, 3d, 4e, 5f, 6a, Tb at 65 inches
all g rods at 16.7 inches,

Horizontal flux plots were then obtained at traverse positions
1, 2, and 4. It was thought that either a change in flux “tilting” or some slight
difference in the flattened zone diameter might be detected with this more
symmetrical arrangement of control rods; but no difference in these plots
and similar plots with the standard control rod configuration was observed.

3-4.5 Flattened Zone Mapping with Uranium Pins

The standard flattened zone control rod configuration was
used, namely:

all d rods at 0.75 inch
all b rods at 65 inches

all g, rods at.16.7 inches,

The distances given are measured from the rod ends to the tank bottom,
The critical water height was 107.63 inches’ at a temperature of 20.7°C,

The natural uranium pins activated are 1/16 inch in diameter
and 1/2 inch long. These were taped to thin strips of aluminum which in turn
were placed in the squircles of the available Q-foils. There were 14 pin
levels on each aluminum strip; 10 levels corresponding to slug centers, and
4 corresponding to slug spacers. Table 3-4.5 gives the pin level letter; the

-distance from tank bottom to pin center is at the same level as the center of
the spacer (0.370 inch long) between slugs 4 and 5. The fuel slugs are
8.1 inches long.



Table 3-4,5

VERTICAL POSITIONING OF U PINS

Level Distance from Slug *
Letter Tank Bottom (inches) Number
A 83.78 10 *
B 75.31 9
C 66.84 8
D 62.61 7-~-8 .
E 58.38 7 )
¥ 54.14 6 -7
G 49,91 6 *
H 45.67 5=-6
I 41,44 5
J 37.20 4 -5 .
K 32,97 4 )
M 24,50 3 .
N 16.03 2 R :
o 7.56 1 .

About 60 pins were exposed per run for 9 runs. In each
run six pins were exposed in the same squircles and at the same levels,
These were counted in the same order and at the same time after scram, »
Power corrections between runs were obtained by direct ratios of these
counts, eliminating errors in decay and counting rate corrections,.

Activations were measured in every available squircle at
the A, E, and K levels. No measurements were obtained in Q-tubes 7C and -,
7D because the vertical traveling monitor obstructed the entrances, in 1B
owing to some unknown obstruction down in the squircle, and in 1C because
this holds the thermocouple probe,.

A second set of activations was made in squircles along the -
diameter parallel to the I-beam axis at 14 different levels.
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Counting was done with the regular Nal crystal scintillation
counter. Counting was started 50 minutes after scram. One pin of each run
was counted every fourth time to establish the decay curves. One-minute
counts were taken,

The relative neutron fluxes, based on 1000 for Q=-tube 1F,
level E, for the A, E, and K levels are given in Figures 3-4.5a, b, and c,
There is a general downward trend in the flux at all three levels across the
diameter from hex 35 to hex 26, Also, hexes 2, 6, and 7 exhibit higher
fluxes at all three levels than their equivalent hexes 5, 3, and 4 across the
I-beam axis. It should be mentioned that the walls closest to the reactor
are on the east and south sides, which, if they were acting as better reflec-
tors than the west and north walls, would give an effect opposite to that
observed. Two points show disagreement with the general trend: Q-tube
3A, level A, being too low, and Q-tube 3E, level K, being too high,

The averaged ratios of the fluxes for equivalent Q-tubes
along the diameter (e.g., 35F /26C, 35G/26G, 35C/26F, etc.) are 1.013 for
the A level, 1,023 for the E level, and 1,015 for the K level, The ratio of
7A/4D is 1,122 averaged for the three levels, and that of 7B/4E is 1,036,
The average ratio of 2A/5D and ZB/SE combined is 1.046 for all three levels,

The vertical flux distributions in some of the Q-tube squir -
cles are given in Figures 3-4.5d, e, and f, The dotted portions of these curves
are not indicative of the true flux shape but only show the flux rise at the slug
spacer levels., The average ratio of the flux at the spacer mid-point to the
fuel slug mid-point is 1,152. Previous data from copper pins gave 1,147,

The vertical data for Q-tubes 6A, 6B, 3E, and 3D are not given since their
curves are very similar to the curve for Q-tube lF, Figure 3-4.5e,

The horizontal flux distributions are given in Figures 3-4,5g
and 3-4.5h, The dotted portions of the curves indicate that no data were avail-
able for these Q-tubes., The G-level curve is very similar to the I-level
(Figure 3-4.5h) and was omitted, as were the curves for the spacer mid-point
levels. The horizontal traveling monitor data were normalized to 1000 near
Q~-tube 1F, and this curve is superimposed in the squircle curves. The trav-
eling monitor was at the 55 inch level, traversing midway between Q-tubes
35F and 35E, 35C and 35D, etc., parallel to the I-beam axis, The monitor
curve falls off at the outer edges of the lattice, similar to the squircle curves,
but shows much greater fluctuations near control and empty positions, The
squircles do not see these flux increases, nor would they see a similar flux
decrease,
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3-5 Tilting and Petaling ‘

3-5.1 Purpose
These experiments were designed to determine the stability -
of the flattened zone with respect to small order multipole perturbations.
In the tilting experiment, a dipole perturbation was introduced, and the over- i '
all tilt of the flattened zone flux was measured. In the petaling experiment, .
a hexapole perturbation was introduced, and its effect on the maximum to
average flux in the flattened zone determined. These experiments give gen-
eral information on the stability of the flattened zone,

The data from this experiment are analyzed in some detail
in Section 4-6.3. In general, over=-all flux variations due to these small
order moments will probably be overshadowed by local perturbations in
individual regions. The problem of obtaining a flattened zone in CP-6 will
be one of bringing each local region, consisting of perhaps seven control
cells, into line with the average, rather than adjusting a general tilt by
motions of control rods far removed from one another,

3-5.2 Tilting

The tilting and petaling experiments introduced control rod
perturbations in symmetrical hexes and measured their effects on the flux
levels throughout the pile. The rod arrangement that was perturbed was B
what is known as “the standard configuration” (all d rods at 0.75 inch, all
b rods at 65,0 inch, and all g rods at 16.7 inch). The flux distribution in
this “standard configuration” has been measured and reported in Section3-4.5, -
The measurements in this experiment have been made at the same heights in
the tank and at most of the same positions as in the above section., They have
also been normalized in the same way (to a U pin in 1F at the E level). These
results then can be compared directly with the previous ones.

The U pin counting techniques and lattice arrangement are
the same as those previously reported,

In the tilting experiment the “standard configuration” was
perturbed by removing control rod 3d and inserting rod 6a.

The resulting flux distribution is shown in Figures 3-5.2a,
b, c, and d, Figures 3-5.2b, c, and d represent the flux in horizontal planes
through the reactor at the A, E, and K levels; i.e., 83.78 inches, 58,38 inches,
and 32.97 inches, These may be compared directly with those in Section 3-4.5,

Figure 3-5.2a represents an attempt at a projection of the
flux at the 58.38 inch plane (the same flux as shown in Figure 3-5.2c). The
desire here was to obtain a more continuous picture of the flux than could be
shown by numbers written in Q-tube positions, The vertical lines under the

- : 38
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. flux curves represent measured points, Since these curves were drawn only

i from the points measured in the Q-tube squircles, local flux dips in the septa~
foils are not shown, Where Q-tube measurements are missing, the flux is
represented as a smooth curve drawn between the adjacent points,

3-5.3 Petaling

. ; In this experiment the “standard configuration” was perturbed
in the following manner: control rods 2a, 4a, and 6a were fully inserted, and
3d, 5d, and 7d were removed. The flux at the A, E, and K levels (83,78 in-
.38 inches, and 32.97 inches) is shown in Figures 3-5.3a, h, and c.

o Figure 3-5.3d shows the flux measured by the horizontal
B ling monitor at the 55 inch level 1n baoth the petaled and tilted configura-
Pis, These runs were normalized in the buckled zone,

3-6 Control Rod Effectiveness and Perturbations

3=6.1 Purpose

A series of ¢ontrol rod changes was made to check the
following points:

- a, Obtain a calibration between the central control rod and

2 - : o rods in the surrounding hexes,
? - b. Determine the reactor sensitivity to control rod motions,
- ¢. Determine the sensitivity of the half-rods, and their

relation to the full rods,

d. Determine the effectiveness of 7% Li=Al vs, 3-1/2%
Li-Al control rods.

e. Determine the change in flux distribution due to large re-
activity changes in the central control bundle.

These data have provided a table of reactor responses to a
number of representative control rod perturbations. These are discussed in
. Section 4-9,

3-6.2 Lattice Configuration

Unless otherwise noted, the lattice configuration for the

4 - following experiments was as follows: The reactor contained 234 Q-foils,
B 13 S=-foils, 12 safety=-rod thimbles, 15 fixed monitors, 6 horizontal traveling
monitor thimbles, and 2 vertical traveling monitor thimbles. Seven control
‘ " rod towers were mounted in control positions 1 through 7 (see Figure 3-3,4d

- for notation), and six empty S-foils were placed in control positions 8, 10, 12,
14, 16, and 18, Control positions 9, 11, 13, 15, 17, and 19 were empty, having

NI }97
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neither S-foils nor Q-foils present. In control position 1, control rods la,
1b, and 1d contained 3.5% Li=-Al full length (102 inches) rods; lc a full length - )
cadmium rod; le and 1lg 3.5% Li-Al half-rods (51 inches); and 1f contained
a 7% Li-Al full rod, In the other six control positions, rods a, b, c, d, e,
and f contained 3.5% Li-Al full rods, except rod 3f (7% Li-Al full rod), and
all g rods were 3.5% Li-Al half-rods. Rods b and g in all seven positions
were remotely controlled. The above configuration is referred to as the N
ZPR-II lattice, as opposed to the flattened and buckled zone lattices described .
in Section 3-2,

In the following experiments, unless otherwise noted, the
standard flattened zone control rod configuration is the starting point, This
is: alld rods at 0,75 inch from the reactor bottom, all g rods at 16.7 inches, .
and all b rods at 65 inches, The critical water height for this configuration
is 108.8 inches, and 6p/<5h at this height is 11,1 inhours/inch (measured by
period). All water heights are measured from the reactor tank bottom, and
all control rod distances given are measured from the reactor bottom to the .
bottom of the control rod.

3-6.3 Control Réd Effectiveness A

In the following experiments a rod change was made and the '1&4«
period measured, or a rod change was made and the water height or other ’
rods were varied to compensate and bring the reactor back to critical,

The water height measurements were made on the water -
level sight glass, and these measurements are probably accurate to £0,01inch. .
The periods were measured on Brown or Esterline-Angus recorders over i
ranges up to three decades. Three such instruments were used, and all the -
periods were averaged. The measured periods were converted to inhours
using the inhour vs. period curve based on a 5 x 10~ second neutron mean
life, It should be mentioned that the effect of the delayed photoneutrons on
the period is not known at present, and therefore the conversion of the meas~- .
ured “period” to inhours is probably inaccurate.

In the following table involving control rod changes, the
initial starting point of each experiment was the standard flattened zone con-
figuration,, The first column gives the change that was made, and the second
and third columns give the change in water height (from 108.8 inches) and .
the change in control rod settings necessary to maintain criticality.

Central Control Position Experiment: This experiment was .
performed to measure the flux perturbations along the path of the horizontal
traveling monitor resulting from large changes in the reactivity of the cen-
tral control position. Starting from the standard flattened zone configuration,_
full rod ld was completely removed from the central S-foil, and rods 2b
through 7b were inserted to 51.5 inches to maintain criticality, Rod 1lb was-
left at 65 ipches., For this configuration, the horizontal monitor readings

» 188



Table 3-6.3

CONTROL ROD EFFECTIVENESS

Change Made

D,0 Height Change (in.)

Final Rod Position (in.)

b rods (Full Rods)

101

1b to 90" -1.16"C1) .-
2b to 90" -1.197€¢2) ---
All b's to 70" -2.10"(3) .-
i1b to 52" .- 2b to 90"
i1b to 60" --- 2b to 71"
1b to 70.5" .- 2b to 60"
g rods (Half-Rods)

1g to 2.8" - 1b to 56.35", or

all b's to 63.35"
1g to 28.5"(H) .- 1b to 62.2", or

all b's to 64.7"
All g's to 2.8" .- 1b to 2.8" and other six

b's to 61", or all b's to 55.8"
All g's to 28.5" --- All b's to 61.0"
1d out, le to 16.7"(5) +0. 25" (6) 2b through 7b to 51.5"
1b out, le and 1g to 2.8" +0. 25" 2b through 7b to 60.4"
1b out, le and 1lg to 28.5" +0.25" 2b through 7b to 66.24"

7% Li-Al Rods

1d out, 1f to 0.75"(7) .- 1b out, and other six b's

to 66.8", or all b's to 69.5"
3d out, 3f to 0.75" ... 3b out, and other six b's

to 66.3", or all b's to 69.04"

to 0.75"(8)
to 0.75"(9)

6¢c
la

All b's to 72.4"
All b's to 74.15"

Notes:

(I)When rod 1b was moved to 90" a period of 217 seconds resulted, equivalent

to 14.5 inhours.
or a AB? of 2.47

x 107% em”2.

(2)When rod 2b was moved to 90" a period of 210 seconds resulted, equivalent

to 15 inhours.

The change in critical height is equal to 13.2 inhours,

a AB? of 2.52 x 10°% cm™ 2.

(3)When all seven b
equivalent to 25
23.3 inhours, or

(4)The top 14.5" of

A horizontal traverse made at the 55"

rods were moved to 70"
inhours.

a period of 133 seconds resulted,
The change in critical height is equal to
a AB? of 4.44 x 10°% cm™2,

the lg rod is shadowed by rod 1b.

level is shown in Figure 3-5.21.

The flux increase near control position 1 (at 80") found in the traverses
of the standard flattened zone configuration disappears when the extra

is

half-rod (1le)

(G)The increase to 109.05" from 108.8" is probably insignificant.

added.

The water

temperature, which was 22°C at the earlier measurements, had increased to

25°C.

(7)The horizontal traveling monitor passing within 3" did not show any sig-
nificant variation between this 7% rod and the 3.5% rod.

(S)Rod 6c is shadowed by rod 6d.

9)Rod 1a is shadowed by rod 1d.

or

The change in critical height is equivalent to 12.9 inhours,
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are shown by Figure 3-6.3a. Rod ld was then inserted, and rod la was also
added to the central S-foil. This required moving the outer six b rods to -
75.14 inches to maintain critical conditions. The horizontal traveling moni-

tor plots are shown in Figure 3-6.3b for these two cases (curves A and C)

and for the standard flattened zone (curve B), The right-hand peak is about

the same for curves B and C since in each case the b rod is above the moni-

tor level, It is smaller for curve A since the b rod had moved below the

monitor level, The peak nearthecentral position behaves more or less as -
expected. The C curve shows a general flux depression of about 6% some

8 to 10 inches from the S-foil,

Cadmium Control Rod Experiment: The effectiveness of a
standard cadmium control rod in the horizontal monitor tube was measured.
The purpose of this was to test the feasibility of using a horizontal monitor
tube as an envelope for some shut-down material propelled into it by a fuse
action. Starting from the standard control rod configuration, all the b rods
were removed, and the critical height was 101,69 inches., The cadmium rod
(0.79 inch mean diameter of 0.040 inch thick Cd surrounding an aluminum
rod 0.75 inch in diameter) was inserted and centered in the reactor in the
55 inch level monitor tube nearest the center of the reactor. The reactor
was then made critical with all b rods out, all g rods except lg at 16.7 inches,
rod lg at 14.4 inches, and a water height of 109.87 inches,

Symmetrical Control Rod Experiment: The purpose of this
experiment was to determine the vertical and horizontal flux distributions
for a symmetrical control rod arrangement, The arrangement chosen was .
such as to make theoretical duplication relatively easy. In the ZPR-II lattice,
the d rods were inserted to 0.75 inch, and the g rods to 25.5 inches. The criti-
cal D,O height was 102.53 inches at a temperature of 25,0°C measured at a
pile power level of 4,15 + 0,05 watts, The center of the half-rods are, there~
fore, only 0.25 inch below the center of the water., A plot of the vertical
monitor readings is shown in Figure 3-6.3c. The horizontal traveling moni-
tor plot shows only small variations from a plot made with standard flattened
zone rod configuration,

3-6.4 Half-Rod Calibrations

This experiment was designed to evaluate the 3.5% Li-Al
half-rods and to determine the inter-rod shadowing effects of various num-
bers of rods, The rods were calibrated in terms of AB? measured by criti-
cal moderator heights,

Rods b and d in control positions 2, 4, 5, and 7 were set at
2.8 inches and 0,75 inch, respectively, and these settings were not changed -
during the course of the experiment, This was done to keep the critical
water height at levels approximately twice the half-rod length, Control posi-
tion 1 was empty.

P
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Various rods in control positions 3 and 6 were changed, and
measurements of critical heights were taken, In all cases the rod settings
in control positions 3 and 6 were identical, Table 3-~6.4a gives the critical
heights for these rod settings. The centers of the half-rods were set either
at one-half the critical height or 10 inches below this,

Table 3-6.4a

CRITICAL HEIGHTS WITH FULL AND HALF-RODS

Rods in Positions 3 and 6 Critical Height

(cm)
1) No rods 223.28
2) 1 full rod 244,54
3) 2 full rods 262.98
4) 3 full rods 275.22
5) 1 centered half-rod 241,62
6) 1 half-rod 10" below center 240.60
7) 1 full rod plus 1l centered half-rod 256.78
8) 1 full rod plus 1 half-rod 10" below center 256.20
9) 2 full rods plus 1 centered half-rod 271.54
10) 2 full rods plus 1 half-rod 10" below center 271.08

Results from the experimental data were determined in
terms of AB?, The following equation was used:

1 1
2 _ 2 -
ABT =m [(Hl +51+5;) (Hy+S;+ Sz)z]

S; and S, are the reflector savings at the top and bottom of the reactor. The

sum of S; and S, was taken to be 12 cm. This value was then divided by 2 to

obtain the value in terms of a single control position, Table 3-6.4b gives the
change in critical heights in terms of AB? (cm™),

Half-rod perturbation effects are presented in Table 3-6.4c.
In each case the half-rod was moved 10 inches down from the water center
of the reactor, and the change in critical moderator height was measured,.
These data have also been divided by the 6.3 factor given in Section 4-3.2 to
correct to a CP-6 type reactor. (The 6.3 correction factor is made up of a
3.76 statistical weight factor and a 1.67 core height ratio. If the perturbation
extends the full length of the core, only the 3,76 factor is used.) /- ‘o



Table 3-6.4b

AB?* PRODUCED BY ROD CHANGES

Change in Control Positions 3 and 6

by Adding:

AB? x 10% (cm™?)

1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)

1 full rod to empty position

2 full rods to empty position

3 full rods to empty position

1 centered half-rod to empty position
1 half-rod 10" below center to empty position

1 full rod and 1 centered half-rod to empty position
2 full rods and 1 centered half-rod to empty position
1 centered half-rod to 1 full rod

1 half-rod 10" below center to 1 full rod
1 full rod to 1 full rod

1 centered half-rod to 2 full rods

12) 1 half-rod 10" below center to 2 full rods
13) 1 full rod to 2 full rods

16,47
27.63
33.84
14,46
13,73
24.15
32,06
7.68
7.34
11,17
4.43
4,21
6.24

Table 3-6.4c.

HALF~-ROD PERTURBATION EFFECTS

Perturbation | Number of Full Rods | AB?x 10® (cm=?)

from Center Shadowing Half-rods ZPR-II | CP-6
10" 0 0.73 0.12
10" 1 0.34 0.054
10" 2 0.22 0.035
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. 3-7 Rooftopping

3-7.1 Purpose

In ZPR-II with its limited height (9 ft) the deviation of the
. - vertical flux distribution from a cosine due to normal half-rod positioning
is so small that the observed flux distributions cannot be used to check the
methods of calculation.  The development of reliable calculational methods
; 1§ required for CP-6 because of the greater deviations from the cosine
distribution to be expected there and because the flux distribution cannot
-g be measured directly in CP-6 while operating at high power. In this exper-
-iment, a number of control rods (2 to 5) were inserted in each of the central
hexes in such a manner as to reach halfway into the reactor, leaving the
bottom half uncontrolled. This allowed the study of the condition of maximum
deviation from the cosine and how this curve converts into a cosine curve
out in the buckled zone,

Section 4-4 presents the comparison between the observed
flux distribution and that calculated using a single-group diffusion theory.

3-7.2 Flux Patterns with Control Rods in Halfway

- The lattice that was used for this experiment is the standard
configuration with 234 Q-tubes, and septafoils 1 through 7 loaded with 3.5%
Li- Al control rods. Positions 8 to 19 have no control rods, but the even-
numbered ones have empty septafoils in them. The rest of the positions
have the centers loaded with Q-tubes,

This experiment consisted of inserting two rods halfway
in the pile, finding the critical height, and then making flux measurements
by the vertical traveling monitor and the horizontal traveling monitor. In
addition, measurements were made with indium foils and uranium pins.
Next, three, four, and then five rods were inserted, and the preceding meas-
urements repeated. The table below shows the critical heights found with
the various rods inserted:

Positions of Ends of Control Rods Water Height (20)
Two rods at 40" (b and g) 78.2"
Three rods at 42" (b, d, and g) 82.0"
Four rods at 42.5" (a, b, d, and g) 86.6 "

) Five rods at 44" (a, b, d, e, and g) 86.9"

-Note that the rods do not come exactly in the middle of the reactor. This
was because the critical height was not exactly predicted when the rod

. settings were made.
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Four types of measurements were made in each experiment,
They were horizontal traveling monitor measurements, vertical traveling
monitor measurements, indium foil measurements in the moderator, and
squircle measurements inside the Q-tubes, The measurements were in the
following places: the horizontal traveling monitor at the 55" level, midway
between the line shown in Figure 3-3.4d as the I-beam axis and the line
through the center of the next row of Q-tubes, immediately to the southwest
of it; the vertical traveling monitor in the position shown in the diagram
closest to the center, between hex #1 and hex #7; the indium foil holders in
positions 3, 4, 6, 5, and 8; and the uranium pins in the squircle holders in
Q-tubes 35G, 35C, 18E, 18D, 6A, 6B, and 1F,

The indium foil holders were loaded so that the greatest
number of foils would be on the edge of the flattened zone. Foil holders #3
and #8 were loaded with six foils apiece. The first foil was 8" above the
bottom of the reactor, and the succeeding foils were spaced at 12" apart,
Foil holder #5 had its first foil 8" above the reactor bottom and its suc-
ceeding foils 6" apart, making a total of twelve foils, Foil holders #4 and
#6 had twenty foils apiece, The first foils were 2" above the bottom of the
reactor, and the succeeding foils were spaced 4" apart,

The squircle holders were all loaded evenly with uranium
pins. The first pin was 7.56" above the bottom of the reactor, and the suc-
ceeding nine pins were spaced 8.47' apart. In the pin holders these posi-
tions corresponded to the center of slugs in the Q-tube.

It should be noted that all these measurements will suffer
somewhat from local perturbations caused by control rods, Corrections
for these could be made by referring to the flux traverses in Section 3-3,

Figure 3-7.2a shows the flux in the path of the horizontal
traveling monitor. The dotted line is for two rods, the dot-dash line for
three rods, the dash line four rods, and the solid line five rods. All these
readings have been normalized in the buckled zone. The high hill on the
left corresponds to passing uncontrolled positions in hex 12, The cent:;al
hill corresponds to hex 1, and the hill on the right corresponds to hex 6.

Figure 3-7.2b shows the vertical traveling monitor runs,
It should be noted in this figure that the vertical axis, instead of being ex-
pressed in inches, is expressed in per cent of height. The reason for this
is that the height varied somewhat depending on the number of rods that
were inserted and made an unreal crossover in flux values, Here again the
dotted line is two rods, the dot-dash line three rods, the dash line four rods,
and the solid line five rods, . -

Figures 3-7.2c, d, e, and f represent the indium foil data
taken during these runs. Figure 3-7.2c refers to two rods in each control
position, Figure 3-7.2d to three rods, etc. These foil activities were not
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corrected for Cd ratio. The highest curve is represented by the foils in
foil holder 3, the next highest in foil holder 4, the next in 6, the next in 5,
and the last in 8,

Figures 3-7.2g, h, i, and j give the fluxes measured in the
squircles. The top curve is the measurement in squircle 1F, and the bottom
curve is in 35G., The other curves follow in order between them. The ura-~
nium pin counts that were used in this experiment were not corrected for
fast fission effects or fission resonance effects,

3-8 Wilkins Effect

3-8.1 Purpose

The flux increase near the ends of fuel slugs separated by
gaps or spacers of low absorption material is known as the Wilkins effect
(J. E. Wilkins, Jr., CP-1989 (1944)). In ZPR-II, the uncanned uranium slugs
are 8.1" long, 1" in diameter, and are separated by aluminum spacers which
are 0.370" long and 1" in diameter. These spacers were inserted to simulate
the ends of the cans on the CP-6 slugs,

This experiment measured the details of this flux distribu-
tion, required for the calculation of heat and plutonium production in the
fuel slug and for the accurate determination of the lattice constants. Meas=-
urements were also made with double thickness spacers to provide infor-
mation from which the effect of varying spacer thickness can be computed.

3-8.2 Experimental Procedure

The lattice was the standard ZPR-II lattice containing
234 Q-tubes, 12 safety-rod thimbles, 6 horizontal traveling monitor thim-
bles, and 2 vertical traveling monitor thimbles.

The control rod configuration was that for the standard
flattened zone, with all d rods at 0.75", g rods at 16.7", and b rods at 65".
The measurements were made in Q-foil 1E, fuel tube 1. The top view of
the pin positions, the Q-foil, and its dimensions are shown in Figure 3-8.2a.
The specially machined fuel slug and uranium pin holder
are shown in Figure 3-8.2b, (During photographing the pin holder was in-
advertently turned 180°. The right end of the pin holder, as shown, matched
the end of the slug during measurements,) The fuel slug is of standard size.
The uranium pin holder is 6.26" long, 0.995 " wide, and 0.121" thick. It fitted
“very tightly into the slot in the fuel slug, and was repositioned for every run
by the 1" long pin shown sticking out of the slug. The drilled hole shown on
the right end of the slug positoned the slug in the finned tube, which in turn,
was positioned in the Q-foil as shown in Figure 3-8.2a.



108

The uranium pins which were activated are 0.120" long and
1/1 6" in diameter. About 220 of these were weighed and intercalibrated in - .
CP-2.

The positions of the pim holes and the labeling device used
to number these holes are shown at the bottom of Figure 3-8.3a. In all of
the runs pins were inserted in holes at positions a, b, ¢, d, e, f, and g in
rows 1 and 17, and in positions a, d, and g in rows 2 - 8,10 - 16, 19, 21, 23, .
and 25,

To facilitate its removal after a run, the special slug was
placed in a short section of finned tube, and three other slugs along with the
proper spacers placed on top of it. This was then placed in Q-tube 1E, in ,
which fuel rod 1 had been shortened to contain only 8 slugs.

Each run was 40 minutes long at 85 watts (flux ~/10%, When
the slugs were removed after a run, the gamma activity was 250-300 mr/hr
at 1", A lead cave with a leaded glass window was built and used whenever
the hot slug was handled.

Measurements were made on four different spacer configu«-
rations. In Case I, the spacers were 0.370" long, the mid-points of the four
spacers in the Q-foil at each level being coplanar; i.e., unstaggered. Meas- .
urements from the tank top showed they were aligned to within ¥ 0.020",

In Case II, the 0.370" spacers were used, and fuel tube 2 was raised 2.12",

- fuel tube 3 was raised 4.24", and fuel tube 4 was raised 6.36". The length -
of a fuel slug plus a spacer is 8.470", and so in this case the spacer mid- .
points of the 3 adjoining fuel tubes were staggered evenly over the length of
the special slug. In Case III, 0.740" aluminum spacers were inserted be- ,
tween all the slugs in all 4 fuel tubes, and the spacer mid-points were un-
staggered. Measurements from the tank top showed this to be true to within
¥ 0.040". In Case IV, 0.740" spacers were used, and the spacer mid-points
were staggered evenly as in Case II: fuel tube 2 was raised 2.21", fuel tube 3 .
was raised 4.42", and fuel tube 4 was raised 6.63", Two runs were made for
each case, and six 1/2" uranium pins were placed in the squircle of Q-foil 6A
to measure the power variation between runs,

3-8.3 Experimental Data

The raw counts for all eight runs were corrected for counter
dead time, background, decay, and power variations. They were then nor-
malized by making the activity of the pin in position a, at the mid-point of the
slug in Case I, run 2, equal to 100. The two runs for each case were averaged,
point by point. -

Correction factors from the pin calibration were applied, and
correction factors were applied at each pin level for the macroscopic cosine
variation of the flux in the vertical direction, as measured with the vertical -
traveling monitor., The pin activities are uncorrected for Cd ratio.

+ N

L3 bty
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Counting rates at the beginning of counting time were about
6000 ct/m1n, dwindling to 1400 ct/mm at the end of counting time. Such low
counting rates show up in the scatter of the plotted points and affect the
over-all accuracy of the experiment, which is about 5% when all the errors are
taken into account. Increasing the exposure time beyond 40 minutes would
not help appreciably because activity in the reactor vicinity would prevent
immediate removal of the slugs.

T he corrected vertical ¥lux plots in the slug are shown for
Cases [, II, III, and IV, positions a and g in Figures 3-8.3a, b, ¢, and d. The
flux plots for position d (axial pos1t10n) are shown for all four cases in Fig-
ure 3~8.3e. Figure 3-8.3f shows the flux distribution across the rod diam-
eter for the four cases for rows 1 and 17. The errors shown are standard
errors, A table of the conclusions is given below,

Table 3-8.3

FLUX VARIATIONS IN A ZPR-II SLUG

Fission Flux Ratio of Slug End to Slug Middle
Case Al Spacer Thickness
Squircle Side Axis Outside
I , 0.370", slngs unstaggered 121 1.20 1.14
I 0.370", slugs staggered 1.14 1,24 111
Im 0.740", slugs unstaggered 1.317 1.30 1.15
v 0.740", slugs staggered 1.18 1.25 115

The end effect extends about 1.1" for Cases I and II, 2.0"
for Case III, and about 1" for Case IV. Comparison of these results with
those of J., L., Hyde is found in Section 4=9,5,

3~8.4 Note on Calibration of Pins

A statistical analysis of the pin calibration data was made,
fitting a regression line to the scatter plot of corrected counts vs, weight,
The pin weight corrections were obtained from this regression line. The
analysis showed that 30% of the variance in the counts could be accounted for
by a linear count-weight relationship. It is thought that a good deal of the
remaining error variance could be accounted for with the statistical errors
of the counting and decay correction procedure, but a searchfailed todisclose how
to compute the error variance when the points have a statistical error thems=

_selves,
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3-9 Depleted Uranium Study

3-9.1 Purpose

Depleted uranium experiments were undertaken to study the
feasibility of partially loading a CP-6 type reactor with this material. Enough
depleted uranium slugs were on hand to load seven Q~foils with 12 slugs/finned
tube. The depleted slugs are 8.1 inches long, 1 inch in diameter. The U%3
content in the depleted fuel is 0.491 ¥ 0.005% by weight.

Critical water heights were measured with depleted and nat-
ural uranium for several control rod configurations with the ZPR-II lattice.
The disadvantage factors were measured for the standard cell of a depleted
buckled zone lattice. Stainless steel poison rods (SS-304) were inserted in
the squircles of six natural Q-foils in an attempt to match the poisoning of
the depleted metal.

- 3-9.2 Critical Heights and Horizontal Probe Traverses

Table 3-9.2 gives the critical heights and rod configurations
for comparison of the depleted and natural metal.

Comparing runs 1 and 3, it is seen that replacing six natural
Q-foils with six depleted in Q~foil positions 1A, 1B, 1C, 1D, 1lE, and 1F resulted
in an increase in critical height of 6.87 inches. Using an average 6p/5h of

-

21.75 ih/cm, the negative reactivity due to depletion is (21.75) x (6.87) x (2.54), -
or 379 ih, or 63 ih/Q-foil. .
Comparing runs 5 and 9 and using an average 6p/<5h of 9.2 ih/cm, ,

the negative reactivity of the depletion is (97.02-81.6) x (2.54) x(9.2) or 360 ih,
or 60 ih/Q-foil.

Runs 8(a), (b), and (c) show the amount of poison needed in .
the form of control rods to produce the same critical height as found with the
depleted. .

Runs 2 and 4 were an attempt to produce identical control
rod configurations in order to compare the depleted and natural loadings d
with a fairly well flattened tank. Identical control rod positions could not .
be obtained here; therefore, runs 5 and 9 were substituted, in which there :
was one control rod per control hex.

In run 6, uranium pin activities were obtained to map the ‘
flux in a standard buckled zone cell. -

The horizontal traveling monitor data (55 inch level) are
plotted in Figure 3-9.2 for runs 5, 6, and 9. These data were normalized
from 15 inches to 35 inches and 125 inches to 140 inches. -

5

iJ8




CRITICAL HEIGHTS FOR NATURAL AND DEPLETED U

Table 3-9.2

Lattice Position Control Rod Critical Temp.
Run No.} Metal of Metal Configuration H?,iglit (°c)
in,
1 Natural | Entire tank = No rods 66.45" 21.5
2 Natural | Entire tank 1d-7d at 0.75"
1g-7g at 16.7" 100.77 21.6
3 Depleted | 1A, 1B, 1C, 1D,
1E, 1F No rods 73.32 21.5
4 Depleted [ 1A, 1B, 1C, 1D, {1d-7d at 0.75"
1E, 1F lg-7g at 7.6" 110.15" 22.1
5 Depleted | 1A, 1B, 1C, 1D, | 1b=-7b at 55" N
l1E, 1F lg-7g at 4" 97.02 21.7
6 Depleted | 1A, 1B, 1C, 1D,
l1E, IF, 1G 2b=-6b at 2.8" 93.95 21.3
7 Natural One SS-=304 rod
inserted in Q-
foils 1A~1F No rods
1/4" dia. rod 66.95 21.3
1/2" dia. rod 68.29 21.3
8(a) Natural | Entire tank 1b, 6b, 7b at 2.8" | 73.32 21.3
5b at 58.5"
(b) Natural | Entire tank la, 1d at 0.75"
ib at 2.6" 73.32% | 22.2
le, 1g at 22.32"
(c) Natural | Entire tank 1b-7b at 38.0" 73.32 22.2
9 Natural | Entire tank 1b=7b at 55"
1g-7g at 4" 8l.6" 22.2

*Pile had negative period of 300 sec , or negative reactivity of about

11 ih.
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3-9.3 Cell Traverse

Cell traverses of a depleted buckled zone cell were made in
a manner similar to that described in Section 3-3. Two pin runs were made
and normalized, and the usual decay, counting rate, and background correc-
tions were made. The flatness across the central cell as indicated by the
traveling monitor showed that no radial corrections for pin positions were
necessary.

The pin activities were normalized to 1000 at a point near
the édge of the standard cell. The experimental points, activities, and isoflux
lines are plotted on the standard cell in Figure 3-9.3. For comparison
purposes with the previous buckled zone lattice cell, a normalization was
made in a manner to make the isoflux line labeled 950 intersect the long side
of each standard cell in the same place.

If ¢is the average flux, then the disadvantage factors are
given by:

Pu
d = for the uranium
v Pcenl

$mod
for the moderator,
5ce11

_ (S A0:)
where ¢j' = %

Q.
|

Table 3-9.3a gives the pertinent values as measured on Fig=-
ure 3-9.3 for calculating the above. Areas were measured in arbitrary units
with a planimeter.

Table 3-9.3a

CELL CALCULATION FACTORS

Area ThA z [T¢hie((r:1;;a;l.)] Aj
Uranium 32.6 16280 15430
Moderator 393.2 342790 342790
Aluminum 1.2 706 706
Cell 427.0 359780 358930
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The fast fission factor (x/y) in the fuel is calculated from:

€ =1 +-}-{-[—Vf -—l—] , Where

Yl|¥% Vs
x = number of fast fissions
y = number of slow fissions
=1.033
v¢ = number of neutrons/fast fission
Vg = number of neutrons/slow fission, and
vf = vg = 2.50

The fast fission factor is then 0.055. It then follows that
5.2% of the total fissions are fast ones. The average flux in the uranium is
corrected to the thermal value by subtracting 5.2% of the average flux in
the fuel element from each of the individual flux measurements in that ele=-

ment.
Hence the total values are:

dy
d

(16280/32.6)/(359780/427.0) = 499.4/842.6 = 0.593

(342790/393.2)/842.6 = 871.8/842.6 = 1.035

mod

The thermal values are given by:

d, = (15430/32.6)/(358930/427.0) = 473.3/840.6 = 0.563
d og = 871.8/840.6 = 1.037
dpg = (706/1.2)/840.6 = 588.3/840.6 = 0.700

There is another correction, probably small, for the Cd ratio.
The fast fission correction is part of this, but the variation of the Cd ratio
throughout the cell was not measured.

The effective macroscopic absorption cross section for the
cell is given by:

z Ea Ay);
Sa eff, =
' Acell

Sia for natural uranium is 0.326 cmm™ based on oa = 7.70 b. The depleted
uranium contains 0.491% by weight of U?%, or an atomic per cent of 0.496%.
Then ca for the depleted is 6.21 b., or £Za = 0.263 cm™. Taking Za for D,0

AESRY )_1_]
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as 8 x 10~% cm™!, andZa for aluminum as 0.0134 cm™, we have:

e (.263) (32.6) (.563) + (8 x 10-5) (393.2) (1.037) + (.0134) (1.2) (0.700)

za e 327.0
_ 4.827 + .033 + .011 _ 4.871 _ - a1
= 427.0 =4z27.0 1141 x10™em
Taking D as 0.90, we have L2 = —% = 78.9 cm?.

These results are summarized in Table 3=9.3b.

Table 3-9.3b

ABSORPTION PROPERTIES OF THE
DEPLETED U LATTICE

Total Thermal
dy 0.593 0.563
dmod 1.035 1.037 »
Sa eff - 1.141 x 10™2 cm ™! . R
1.2 - 78.9 cm?

3-9.4 Poison Rods

After the critical height of 73.32 inches was established for
depleted uranium in the six central Q-foils (with no control rods), an attempt
was made to find how much stainless steel would be needed in the squircles
of six natural Q-foils in the central position to match this height. (Pb-Hg N
rods were available too, but they were not sealed. Experience with the ex~- .
ponential showed it to be unwise to put these in the tank in an unsealed con-
dition.) The poison rods extended to full height of the tank.

Since stainless has a low absorption cross section, the
critical height should be proportional to the area for small changes in water A
heights. Figure 3-9.4 shows the three points obtained in this experiment. ’
The extrapolation shows that the depletion is equivalent to one SS=-304 rod ’
of about 1 inch diameter/Q-foil. 4 i
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3-10 ZPR-1I Operational Experiments

3-10.1 Safety Rod Effectiveness

An experiment was performed to measure safety rod effec-
tiveness. The configuration used was selected in order that calculations
outlined in the report to the Reactor Safeguard Committee, ANL-WHZ-318,

' Appendix C, could be checked.

To start with, the ZPR-II lattice was used with all safety
and control rods removed. Clean critical height was 66.72 inches at a temp-
erature of 25.0°C at a pile power of 4.1 watts.

An attempt to go critical with six “A” safety rods all the way
in the reactor was unsuccessful. At 111.0 inches of water the pile was just
beginning to show multiplication. The A-rods are those rods of each pair
nearest to the center of the reactor, and B-rods are the outermaost.

The following table shows critical height for various rod
configurations. Water temperature was about 25.0°C.

Table 3-10.1

SAFETY ROD EFFECTIVENESS EXPERIMENTS

Safety Rods in Reactor Critical Height (inches)
None (bare ZPR-II lattice) 66.72
1A, 2A, 3A, 4A, 5A, 6A >111.0
1A, 3A, 4A, 5A, 6A 105.75
1B, 2B, 3B, 4B, 5B, 6B 87.61
2A 69. 80
2B 69. 05
2A, 2B 71.02
5A . 70. 56
5B 68. 49
5A, 5B 71.71
4A 69. 90
4B 68.42
4A, 4B 70. 817
None (check of bare lattice) 66.81
2A, 2B 71.03
2A, 2B, 5A, 5B 79.63
2A, 2B, 5A, 5B, 4A, 4B 88.617
2A, 2B, 5A, 5B, 4A, 4B, 1A, 1B 111.7

The following readings were taken with control rods 1B through
7B three (3) inches above the bottom of the reactor,

No safety rods 86.45
2A 93.07
2B 92.03

5B 91.23 : , .
SERRAN B R
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A significant finding from this data as regards the control of
of ZPR~-II is that either the inner ring of six rods or 4 pairs of rods are - .
sufficient to kill the reactor at the maximum possible water height.

3-10.2 Reactivity vs. D,O Height

The following table summarizes the measurements of the
quantity 6(ih)/6H, determined by measuring the period when the water level
was raised a distance dH above critical.

Table 3-10.2a

REACTIVITY VS. D,O HEIGHT

Critical Height &8(ih)/6H

(cm) (ihfcm) v
162.0 27.2
171.1 22.6
189.3 17.4
206.8 12.1 .
169.0 26.3 - .
169.0 25.31
175.7 (rod 1b) 22.2 .
175.7 (rod 1b) 23.6 ) :
181.6 (safeties #5) 18.6 *
179.6 (safeties #2) 20.12
257.7 (d and g rods) 8.5
271.3 (4, g, and b rods) 4,38
169.1 25.4
170.4 25.7 .
170.4 25.1
170.5 26.2
170.8 24.0
171.1 24.6 '
171.0 22.2 s
171.1 24.3 <
171.0 23.8 -
262 7.32
221 11.02 .

276 5.00 :
277 4.83 - )

A~
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The first set of data was taken when the reactor was first
started up and was not taken very accurately. The second set was taken
more carefully when the flattened zone lattice was loaded into the reactor.
The third set was a special experiment to check this quantity, performed
with the ZPR-II lattice. The periods were averages of those taken as the
power increased from about 1 to about 10 watts as read by a number of
power instruments. Readings from instrument to instrument and at the
various power levels differed by more than 10% in some cases.

Table 3-10.2b

PERIODS AFTER VARIOUS OPERATING TIMES

Critical Height (inches) 99 99 99.03 99.09
Increase in D,0 Height

(inches) 0.1 1 2 3

k Excess 5.56 x 10721 53.8x 101105 x 107|155 x 10~>

Period (sec) after an
operating time of

20 minutes 1783 149 62 35.8
1 hour none taken 156.1 69.7 38.2
1.5 hour 3051 163 72.6 40

A plot of the period as a function of k excess for the three
different operating times is shown in Figure 3-10.2. Only the values for the
1, 2, and 3-inch increases were used, since an error of 10% could easily be
made in measuring the 0.1 ~-inch increase in D,O height. This possible error
also accounts for the fact that the period was not measured at the end of one=-
hour operating time for the 0.1 -inch increase. The power at which the reactor
was operated during this part of the experiment was 1 watt. The various runs
for different'values of k excess were made on different days.

To obtain more significant information pertaining to this
subject would require longer lengths of operation at a higher flux level. This
was not advisable since it would have been necessary to wait for a period of
time exceeding one day between runs.

The number of inhours was determined from a curve cal~
culated assuming only the normal fission delayed neutrons are present. This
-should be fairly good up to at least 20 inhours.

In general the period seemed to increase as the power in-
creased during the same experiment. Also the periods for a given perturba-~
tion seemed to get longer after the pile had been running for some time. The
experiments were not accurate enough to give quantitative estimates for these

effects.
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An additional experiment was performed to check the period
for a given increase in D,0O level after operation for various lengths of time.
The results are given in Table 3-10.2b.

3-10.3 Kinetics

To obtain information pertaining to the delayed photoneutrons
and their effect on the reactor shutdown, the reactor was operated for various
lengths of time and scrammed with the same amount of negative reactivity in
each case. The neutron flux due to spontaneous fission was obtained by meas-_
uring the flux when the reactor was subcritical. The instruments used to
read the power levels of the reactor were calibrated in terms of the average
flux throughout the reactor. Measurements of the period, due to the same
amount of excess k for various lengths of operating time, were made. This
was repeated for different amounts of excess k.

The reactor was operated at a power of 80 watts for 5 min-
utes with the following control rod configuration:

2b, 3b, 4b, 5b, 6b, and 7b at 0.75 in.
2d, 3d, 4d, 5d, 6d, and 7d at 0.75 in.

all other control rods removed.

After the reactor was scrammed with the #6 pair of safety rods, the power
level was read every 10 seconds until the power was decreasing at a steady
rate. The procedure following the 5-minute run was repeated after the re~
actor had been operated for 20 minutes, 1 hour, 2 hours, and 3 hours and

10 minutes, at a power of 80 watts with the previously listed control rod con-
figuration. The flux decay curves are shown in Figure 3-10.3a.

Scramming the reactor with the #6 pair of safety rods with
the previously listed control rod configuration is equivalent to dropping the
D,0O height from the critical height of 99 inches to 84.6 inches. This corres-
ponds to a multiplication of 104 after the scram.

The time dependence of the flux during slow and fast shut-
down was investigated. Two typical curves are shown in Figure 3-10.3b.
The pile, which has been operating for two hours at 4.1 watts, was operated
for several minutes at 80 watts (about 108 n/cmz/sec). The pile was shut
down with the #3 and #6 pairs of safety rods. In one case the rods were
dropped; in the other they were lowered in 77 sec. In the case of the fast
shutdown, the central seven control positions contained a, b, d, e, and g rods
at 44 inches. For the slow shutdown, the control positions contained rods -
b, g, and d at 42 inches above the tank bottom.
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In order to determine the effects of fast neutrons and gamma
rays on the instruments used to measure the power levels in these experi-
ments, the ion chamber of one instrument was covered with 0.020 inch of
cadmium while the 3 hour 10 minute run was being made. This instrument
had previously been calibrated in terms of a second ion chamber which was
approximately the same distance from the reactor. The ratio of the curves
decreased from about 14 at scram to approximately 10 at 35 minutes after
scram. The results are shown for the first 20 minutes after scram in Fig-

ure 3-10.3c.
3-10.4 Spontaneous Fission Neutron Source

In order to get a measure of the source of neutrons due to
spontaneous fissions in the uranium, indium foils that had been calibrated in
the standard pile were placed in the #3 foil holder position. The critical
height was 99 inches. The D,0 was raised to a height of 97.51 inches and
held for two hours. The foils were removed and counted in the same counter
used in the calibration, for a time sufficient to reduce counting statistical
errors to less than 1% . The flux was determined in the same manner for
D,0O heights of 98.01 inches and 98.50 inches. These data are discussed in
Section 4-5.2.

3-10.5 Calibration of Power Level Instruments

To calibrate the instruments used to determine the power
levels of the reactor, indium foils were exposed in the reactor for 20 min-
utes at nominal power readings of 0.5 and 1.5 watts. A nominal power reading
of 1 watt corresponded to an average flux in the reactor of 2.7 x 10° n/cm? sec.
This corresponds to a true reactor power of 0.85 watt.

3-11 Miscellaneous Experiments

3-11.1 CP-6 Safety Rod Effectiveness
The CP-6 reactor contains 31 safety rods. These are 0.81 inch
diameter solid cadmium rods placed at the centers of triangles formed by three
control positions throughout the flattened zone, in a ratio of one safety rod
for each control hex. The change in critical height caused by the introduction
of a reasonable facsimile of a CP-6 safety rod in ZPR~II has been measured
to provide data for the calculation of the effectiveness of these rods in CP-6.

The experiment was performed using hollow cadmium rods
0.9 inch in diameter. These rods contained rubber stoppers to exclude D,O
during the test. A comparison test was made in one case using a D,O-filled
rod. With the additional absorber present, the reactor would not go critical

o
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with the standard flattened zone configuration, so the following control rod
configuration was used:

all d rods at 0.75 inch

rod lg at 16.7 inches

g rods 2-7 at 7 inches

;11 b rods removed.

That is, there was one full rod and one half-rod in each control position. The =
following critical heights were obtained:

Conditions Critical height
no cadmium rods 98.97"
Cd rod at (1,2,3)* 103.95"
Cd rod at (1,2,3) without stopper 104.00"
Cd rods at (1,2,3) and (1,2,7) 109.30"
Cd rods at (2,3,10) 103.60"

*The safety rod positions are defined by the numbers of
the three adjacent control positions, as shown in Fig-
ure 2-2.le,.

The estimation from these data of the effectiveness of the -
CP-6 safety rods is given in Section 4-~11.

3-11.2 Feasibility of Flux Measurements with Wire Foils

As an alternative to the tedious handling and counting of
irradiated foils in experimental flux plot determinations, preliminary studies
were made of the possibility of irradiating a wire extending the full height
of the reactor core and then passing the wire through an ionization chamber.

The argon-filled ionization chamber consisted of a 9 inch
diameter x 7 inch aluminum cylinder held at a plus-135 volts. The wire is
fed through a plastic tube centered in the cylinder, running the full length.
The tube is shielded with 1-1/2 inches of lead except for a 1 inch section at
the center. This permits the radiation from a 1 inch section of the wire fo
be measured while in the geometrical center of the chamber. A copper ring,
halfway between the plastic tube and the walls of the chamber, and centered
over the 1 inch exposure section, is used as the collecting electrode. Cur- ~

‘rent from the ring is fed to a Beckman model V micro-microammeter. Here -

it is converted to 120 cps A.C. by a vibrating capacitor, passed through two _
stages of amplification, and fed to a 0-10 mv potentiometer~type Brown re~
corder. Scale adjustments can be made on the micro-microammeter to cover
the range 3 x 10713 t0 3 x 10”7 ampere.

S
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Three types of wire were tried. For comparison, a constant
diameter of 0.03 inch was chosen. The materials were copper, gold, and
85-15% iron-manganese. All were irradiated for 1 hour at a flux of 80 watts
in approximately equivalent positions. The wires were then counted, and
their activity checked in a scintillation counter for any decay correction.

The activities of the copper and gold wires were too low to
permit accurate measurement. The counting rates were only about double
the background. The iron-manganese had an activity about 10 times back-
ground, and could be used for experimental flux plots.

The data obtained must be corrected for the decay in the
wire, and the Wilkins effect at the slug ends causes a periodic variation along
the length. The data may be improved by increasing the diameter of the wire,
using a wire with a higher manganese concentration, and by improvements in
the shielding. Another means of increasing the accuracy would be to improve
the chamber design to maximize the collecting efficiency, or use a higher argon
pressure.

3-11.3 Flux Distribution in a Special Fuel Element.

As part of the Argonne Laboratory reactor research pro-
gram, the radial distribution of the flux density was measured in a fuel as=-
sembly consisting of closely packed natural uranium rods. The basic assembly
consisted of 42 uranium rods arranged in three concentric rings containing
6, 14, and 22 rods, respectively (Figure 3-11.3b). Measurements were made

- for 36 and 20~-rod assemblies by removing the inner ring and the outer ring
respectively.

The uranium diameter was 0.46 inch, and the drawn aluminum
cladding was 0.020 inch thick. The container was a 0.051 inch thick aluminum
cylinder with 4.822 inch O.D. The cladding was fabricated with three ribs on
each rod, and the rods were positioned by top and bottom guide plates.

A natural uranium pin was inserted in the center of each of
three rods (Figure 3-11.3d), one in each ring of the assembly. In addition,
six pins were located on the peripheries of the rods at the same level as the
central pins. The test assembly was placed in control position 1 in the center
of ZPR~II. The standard flattened zone control configuration was used in the

- other six control positions. The element was irradiated for 20 minutes at
80 watts. In order to normalize the fluxes in the three runs, pins were placed
in the squircles of tubes 6-A, 6-B, and 18-D (Figure 2-2.le). The critical
heights were 102.20 inches, 101.60 inches, and 96.01 inches for the 42, 36,
and 20-rod assemblies respectively.

Horizontal flux traverses taken with the traveling monitor
are shown in Figure 3-11.3a. Figure 3-11.3c shows the flux levels measured
- in the three arrangements.
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FIGURE 3-52a

E LEVEL 58 38 FROM TANK BOTTOM
\ —

»
@
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™
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HEX ARRANGEMENT

| BEAM AX1S

LEGEND
# O TUBE POSIT ON

773 'S TUBE (WITH CONTROL RODS)

(O s TUBE (WITHOUT CONTROL RODS)

(#8 10 12 4 16 & 18 ARE EMPTY SEPT FOILS)

(#9811 315 7 & 19 ARE OPEN WATER)

FLUX LEVEL

A

TILTING

g T

NOTES

PROJECT ON AT 45° ANGLE OF HORIZONTAL
PLANE THROUGH REACTOR

FLUX CURVES ARE SHOWN WITH BOTTOMS

LORRESPOND NG

TO TANK POS TION ANC TOPS

REPRESENT NG FLUX HEIGHT ~ (VERT CAL
L NES IN FLUX CURVES SHOW MEASURED PO NTS)

FLUX HAS BEEN NORMAL ZED TO ONE AT

Q TUBE #

F

ONLY FLUX VALUES OVER 8 ARE SHOMS ABOVE
THE PLANE (THE AREAS SHOWN IN THE BUCKLED
ZONE EXTEND BELOW THE PLANE TO FLUX VALUES
OF ABOUT 26)

FLUX SCALE 15 A FI
SCALE 1S ABOUT

n

2 457

LUX OF 1 TO O cm REACTOR
T06

CONTROL ROD CONF IGURAT iON

d RODS AT O 75
b RODS AT 65 0*
9 HALF ROOS AT 16 7*
b ROD AT 66 0
0 HALF ROD AT 16 7
d ROD AT 75
ROD AT 75
ROD AT 85 0
HALF ROD AT {6 7°

o

v »

HALF RODS 51° LONG

CRITICAL WATER HEIGHT 06 5*

GEORGE O NEILL FT 1 & 53

NP 7 10243-D
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FIG. 3-5.20
TILTING - "A" LEVEL

'A* LEVEL 83.78"
FROM TANK BOTTOM

LEGEND

O VERTICAL PROBE POSITION

| FOIL HOLDER POSITION

O Q-TUBE POSITION

O S-TUBE POSITION

CONTROL ROD CONFIGURATION

#4, ¥\, #2, #5, #7 d RODS AT 0.75*

h RODS AT 65.0"

g 1/2 RODS AT i8.7°
#3 b ROD AT 85.0"

g /2 ROD AT 18.7*
#6 d ROD AT 0,75'

a ROD AT 0.75"

b ROD AT 65.0"

9 /2 ROD AT 16.7°

CRITICAL WATER HEIGHT 106.15°®

BASED ON FLUX = | IN Q-TUBE | F AT "E" LEVEL
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[-BEAM AXIS

FIG. 3-5.2¢
TILTING - "E" LEVEL

EXP. 25 IIC
"E' LEVEL 58.38"
FROM TANK BOTTOM

LEGEND

O VERTICAL PROBE POSITION

L FOIL HOLDER POSITION

O Q-TUBE POSITION

O S-TUBE POSITION

CONTROL ROD CONFIGURATION

#4, i, #2, #5, #7 d RODS AT 0.75"
h RODS AT 85.0"

#3 b ROD AT 65.0"
g |/2 ROD AT 18.7"

#8 d ROD AT 0.75"
a ROD AT 0.75°
b ROD AT 85"
g 1/2 ROD AT 16.7°

CRITICAL WATER HEIGHT 106. 15"
BASED ON FLUX = | IN Q-TUBE | F AT "E" LEVEL

g 1/2 RODS AT 16.7*

091



[-BEAM AX1IS
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Fie. 3-5.2d
TILTING - "K* LEVEL

EXP. 256 TIC
'K* LEVEL 32.97°
FROM TANK BOTTOM

LEGEND

O VERTICAL PROBE PQSITION
B FOIL HOLDER POSITION

O Q-TUBE POSITION

O S-TUBE POSITION

CONTROL ROD CONFIGURATION
#4, #1, #2, #5, #7 d RODS AT 0.75"
h RODS AT 65.0*
g 1/2 RODS AT 16.7°
#3 b ROD AT 65.0°
g 1/2 ROD AT 18.7"
#6 d ROD AT 0.75"
a ROD AT 0.75"
b ROD AT 66.0°
9 /2 ROD AT 16.7*

CRITICAL WATER HEIGHT 106. 15"
BASED ON FLUX = | IN Q -~ TUBE | F AT 'E* LEVEL
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[-BEAM AXIS

FiG. 3-5.3a

N
PETALING - *A" LEVEL f

‘A" LEVEL 83.78"
FROM TANK BOTTOM

LEGEND

o VERTICAL PROBE POSITION

FOtL HOLDER POSITION

m
O Q-TUBE POSITION

S-TUBE POSITION

CONTROL ROD CONFIGURATION
#1 d ROD AT 0.75°

b ROD AT 65.0"

g |/2 ROD AT 18.7°
#2, #4, #6 a RODS AT 0.75"

d RODS AT 0.75*

b RODS AT 65.0°

g /2 RODS AT 16.7"
#3, #5, #7 b RODS AT 85.0°

o /2 RODS AT 16.7°

CRITICAL WATER HEIGHT 104.5*
BASED ON FLUX = | IN Q-TUBE | F AT "E® LEVEL
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TILTING - "E" LEVEL

"E* LEVEL 58.38°
FROM TANK BOTTOM

LEGEND

VERTICAL PROBE POSITION
FOIL HOLDER POSITION
Q-TUBE POSITION

S-TUBE POSITION

CONTROL ROD CONFIGURATION

19 &G0

#1 d ROD AT 0.75"
b ROD AT 65.0*
g 1/2 ROD AT 18.7"

#2, #4, #8 a RODS AT 0.75°

d RODS AT 0.75°
b RODS AT 85.0°
g |/2 RODS AT 18.7°

#3, #5, #7 b RODS AT 65.0°

g 1/2 RODS AT 186.7°

CRITICAL WATER HEIGHT 104.5*
BASED ON FLUX = | IN Q-FUBE | F AT "E" LEVEL
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FiG. 3-5.3¢

N
TILTING - *K* LEVEL T

"K' LEVEL 32,97
FROM TANK BOTTOM

I-BEAM AXIS

LEGEND

O VERTICAL PROBE POSITION

u FOJL HOLDER POSITION

O Q-TUBE POSITION

O S-TUBE POSITION

CONTROL ROD CONFIGURATION

#1 d ROD AT 0.75"
b ROD AT 85.0°
g /2 ROD AT 16.7"

#2, #4, #5 a RODS AT 0.75"

d RODS AT 0.75"

b RODS AT 65.0°

g 1/2 RODS AT 18.7"
#3, #5, #7 b RODS AT 65.0*

¢ 1/2 RODS AT 18.7°

CRITICAL WATER HEIGHT 104.5°*
BASED ON FLUX = | IN Q-TUBE ! F AT *E' LEVEL
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’
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\
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80

. /N

= pu—

CONTROL ROD CONFIGURATION
1d OUT
40 2d - 7d AT 0.75"
/ Ig - 7g AT 16.7"
b AT 65"
2b - 7b AT S5t,5"

7 N

20

RELATIVE FLUX

10

FIG. 3-6.3a
HORIZONTAL TRAVELING MONITOR READINGS

|

120 110 100 90 80 70 60 50 40
MONITOR POSITION - [INCHES
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RELATIVE FLUX

$0
S-TUBE ! S-TUBES 2 - 7
40 b d b d g
65 — 51.5 0.7% 16.7
B — 65 .75 6% 0.75 16.7
(o .75 65 .75 16.7 75.1 0.75 16.7

ALL READINGS TAKEN AT THE 55" LEVEL

10

FiIG. 3-6.3b

HORIZONTAL FLUX - FULL RODS ADDED TO CENTRAL HEX

|

120 110 100 90 80 70 60 50 40
MONITOR POSITION
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RELATIVE FLUX

60

40

30

20

10

Lo0TTO0m |

CONTROL ROD CONFIGURATION

1d - 7d AT 0.75"
g - 7g AT 25.5"

MON{TOR POSITION - INCHES FROM TANK BOTTOM

FIG. 3-6.3¢
VERTICAL FLUX WITH CENTERED HALF RODS

; c
VERTICAL TRAVEL ING MONITOR READINGS
CURVE 1S A COSINE HAVING THE SAME ZERO
POINTS AS THE TRAVEL ING MONITOR o
\
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FI1G. 3-7.2a

T I I
HOR1ZONTAL MONITOR MEASUREMENTS
HORIZONTAL FLUX: CONTROL RODS HALF WAY IN R 2 RODS/HEX IN FLATTENED ZONE
RN ~—-—-—3 RODS/HEX IN FLATTENED ZONE
0 AN ,’ N —— ——4 RODS/HEX IN FLATTENED ZONE
N\ / \ S RODS/HEX IN FLATTENED ZONE
\ ’ AN -~
\\ ””—J///—\\\- //",—Q
- - \
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-
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108 10t

94 87 80 73
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52 45
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i \\\ FIG. 3-7.2b
% VERTICAL FLUX - CONTROL RODS HALF WAY IN

.9 .
\ \
\
\ \
\ \
.8 A
\ N\ )
\ \ VERTICAL MONITOR MEASUREMENTS
\ \\ \\ —————— 2 RODS/HEX N FLATTENED ZONE
.7 \ -—-—3 RODS/HEX IN FLATTENED ZONE
\ \ ——————4 RODS/HEX IN FLATTENED ZONE
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Fi6, 3-7.2¢
VERTICAL FLUX: TWO CONTROL RODS HALF WAY IN

N

/L /1

N\

INDIUM FOIL MEASUREMENTS

/S A

\

POSITiON® DISTANCE FROM AXIS CENTER OF HEX

\\\\ \\

3 21,29° CONTROL RODS
4 27.78" EMPTY
6 33.75°* EMPTY
N 5 37.86" EMPTY
8 43,85" FUEL RODS

N7

*SEE FIGURE 3.3.4d

A\

/
S
Pt

R

=

8 52 56 60 64 68 72 78 80
INCHES ABOVE TANK FLOOR

Ll



e

0L

.60

INCHES ABOVE TANK FLOOR

o \
/ F1G. 3-7.2d
/ VERTICAL FLUX: THREE CONTROL RODS HALF WAY IN
NN
\%
i B
L \
L N N INDIUM FOIL MEASUREMENTS
/ \ POSITION® DISTANCE FROM AXIS CENTER OF HEX
\ 3 21.19" CONTROL RODS
N 4 27.78" EMPTY
N 6 33,75° EMPTY
5 37.86" EMPTY
8 43.85" FUEL RODS
/ AN
/ // \\\ \ \ *SEE FIGURE 3-3.4d
/ N \
// \ \
12 16 20 24 28 32 36 40 A4 48 52 B6 60 64 68 72 16 80
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FIG. 3-7.2¢
VERTICAL FLUX: FOUR CONTROL RODS HALF WAY N

|/ /

INDIUM FOIL MEASUREMENTS

POSITION® DISTANCE FROM AX1S CENTER OF HEX

NN NN
N\
\

77

/,///

74

/ 3 21,29" CONTROL RODS
\ 4 27.78" EMPTY
6 33.75° EMPTY
5 37.86" EMPTY
8 43.85° FUEL RODS
,// \\\ \ *SEE FIGURE 3-3.4d
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.40
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. 20
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FiIG. 3-7.2f
VERTICAL FLUX: FIVE CONTROL RODS HALF WAY IN

/L

AN

N
NIRN DN

INDIUM FOIL MEASUREMENTS
S§>\ POSITION® DISTANCE FROM AXIS CENTER OF HEX
-70 =~ N 3 21.29" CONTROL RODS
L 4 27.78° EMPTY
\\\\\ 6 33,75 EMPTY
1/’/ \\\\\ 5 37.86" EMPTY
. 8 43,85" FHEL RODS
60 ' / \\\

*SEE FIGURE 3.3.4d
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\
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/
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0 4 ] t2 16 20 24 28 32 36 40 44 48 52 56 €0 64 68 72 76 80
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Fi1G. 3-7.2¢
Q-TUBE FLUX: TWO CONTROL RODS HALF WAY IN

\ URANIUM PIN MEASUREMENTS

POSITION® DISTANCE FROM AXIS CENTER OF HEX

\ 1F 7" CONTROL RODS
68 14° CONTROL RODS
6A 21t
18D 28" EMPTY

‘8 35!
3sc 42' FUEL RODS
356 49°

\ \\ *SEE FIGURE 3-3.4d

/ J ‘
AT
i AN

N

/2%

7.%6 16.03 24,50 32.97 41,44 49.91 58.38 66.84 75.31 83.78
INCHES ABOVE TANK FLOOR
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FiG. 3-7.2h
0 ) O~TUBE FLUX: THREE CONTROL RODS HALF WAY IN
7 / /| \ URANIUM PIN MEASUREMENTS.
/ /\1 N POSITION® DISTANCE FROM AXIS CENTER OF HEX
1F 7* CONTROL RODS
/ / 68 14 CONTROL RODS
.6 6A 21"
/ 18D 28°* EMPTY
18E 35
35¢ 42’ FUEL RODS
o5 / / 386 89"
/ / \\ *SEE FIGURE 3-3.4d
.4
4 NN
\:: // ////// ‘\\\
~ .1 \
=
.. o
7.56 16.08 24.50 32.97 41,44 49.91 58.38 66.84 76.31 83.78

INCHES ABOVE TANK FLOOR
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/ / K\ FIG. 3-7.2i
//— \ Q-TUBE FLUX: FOUR CONTROL RODS HALF WAY IN
.8 /////////////"'-d ‘\\\\\\Eé\
/ i \ URANIUM PIN MEASUREMENTS
/ N \ POSITION® DISTANCE FROM AXIS CENTER OF HEX
1F 7* CONTROL RODS
/ 68 14" CONTROL RODS
/ 6A 21"
18D 28" EMPTY
18E 35"
35C 42" FUEL RODS
p P 356 49"
// \ *SEE FIGURE 3-3.4d
.4 i / .
0

7.86

16.03
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32.97

41,44

49,9t 58.38 66.84 75.3% 83.78
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FIG. 3-7.2j
0-TUBE FLUX: FIVE CONTROL RODS HALF WAY IN

R

1F
68
6A

el

18D
18E
3%C
356G

URANIUM PIN MEASUREMENTS

POSITION® DISTANCE FROM AXIS C

7!
14°
21"
28"
35"
42"
49"

ENTER OF HEX

CONTROL RODS
CONTROL RODS
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FUEL RODS
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//// Wa . \
/ / /—‘\\\\\\\
/ a RNEAAN
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d N
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\\ PIN POSITIONS

SLUGS

FIG. 3-8.2a

Q-TUBE IE: SHOWING PIN POSITIONS
FOR WILKINS EFFECT EXPERIMENT




~

~

PIN HOLDER FOR WILKINS EFFECT EXPERIMENT

}

FIG. 3-8.2b
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INCHES
0 1 2 3 4 5 6 7
CODE: CASE |II - STAGGERED SLUGS
150 POSITION a: ®
& POSITION g: ®
N \
Z 140 —BF
> \'&-®--®—'®"'®“ —— B ® L
pus } & e N ® B
o 130 D e =
< 198
s }
o 120
N
" §\ ©
2 110
Z ~R2 °o_ ]
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— e O o -~ —
<100 ~5— _—é_ S 5\0_ — OO - -
90
4 a
vswe CENTER (4.05")
| |
' |
SPACER- | stue | |
l I |
K ! 1
RUNS #3 AND 4 \

SPACER MIDPOINTS OF STAGGERED SLUGS

o
-

FIG. 3-8.3b
VERTICAL FLUX IN URANIUM SLUG: 0.370" SPACERS
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NORMAL | ZED U ACTIVITY

150

140

130

120

110

100

90

INCHES
0 1 2 3 4 5 6 7
\ CODE: 1
&3 POSITION a: @ CASE TI1 - UNSTAGGERED SLUGS _
\k\ POSITION ¢: ®
oo ol & ®
—~®-—
§; 4 ‘-®~§———®—-—-r®—-—--——'“
\‘
\
AN
§\
h 0
b\O\O‘\ {0 m——0) 9) % =
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© T — - — 19—
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SLUG

RUNS #S5 AND 6

VERTICAL FLUX IN URANIUM SLUG: 0 740" SPACERS

F1G. 3-8.3c
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INCHES
0 1 2 3 4 5 6 7
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ODE:
CASE d{ STAGGERED SLUGS
150 POSITION a:® X
A POSITION g: A
140
- N A
- N\, A L -
> ARG BA_TTE A
F 130t —A A=A N KX =
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<
pu |
120 K
o 0 R
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Fou
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90
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l : f
| . |
SPACERS = [ SLUG : :
| | |
< 3 '
RUNS #7 AND 8 SPACER MIDPOINTS OF STAGGERED su.ues/
FIG. 3-8.3d

VERTICAL FLUX IN URANIUM SLUG: 0.740" SPACERS
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130
CASE g
120 B RUNS #1 AND 2.
(9] 0.370" SPACERS
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N T
110 \Y\ §
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90
CASE IT
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120 |3
\
\
110 o
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90
CASE III
RUNS #5 AND 6.
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120 %
\
\
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AN o
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CASE 1Y
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RUN 5: | ¢ RODS AT 4"
b RODS AT 55"
d RODS OUT
DEPLETED JU IN SIX Q-FOILS, HORIZONTAL TRAVEL ING
1A IF | 8 MONITOR READINGS AT
100 } 55" LEVEL
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4 THEORETICAL INTERPRETATION OF THE EXPERIMENTAL RESULTS

4-1 Introduction

This chapter is an attempt to consider critically the experimental
data which have been obtained from ZPR-II as reported in the preceding
chapter.

The discussion falls into two broad categories, namely the deter=
mination of the basic physics of this type of reactor and the answering of

1

“specific questions concerning the operation of CP-6, In the physics cat-

&gory, ZPR-II has provided data for the precise determination of lattice
constants, for the comparison of exponential and other small-scale ex-
periments with a full-size reactor, for the checking of theoretical methods
for calculating pile behavior, and for getting some understanding of the
kinetics of a D,O-moderated natural uranium reactor. Specific operational
questions which have been answered concern the stability and character of
the flattened zone, “hot tube” correction, the sensitivity of the reactor,
and detailed flux studies.

The general conclusions from this work are: (a) the physics of
this kind of reactor is now quite well understood, so that theoretical evalu-
ations can be made with assurance, aided by small-scale experimental
tests; (b) the flattened zone of the reactor is very stable, and large local
perturbations can be introduced to take care of any local situations without
affecting the over-all operation of the reactor; and (c) mechanical deviations
in dimensions or quality of reactor components will not seriously affect the
flux pattern.

The operational experiments concerned with flux perturbations
have not been handled from a theoretical standpoint as completely as have
the experiments aimed at more basic physics constants., This is due to two
factors:

(1) the amount of work involved in interpreting something like the
tilt of the flattened zone theoretically is large.

(2) many of theanswers may be obtained in a more readily usable
form with the full-scale Savannah River PDP reactor,

Outstanding problems which remain are:

(1) a better understanding of the kinetics of D,O-moderated re-
actors, including the effects of photoneutrons, in order to be able to use
period measurements for reactivity calibrations.

(2) a convenient method for the theoretical prediction of flux dis-
tributions, preferably using high speed computing machinery., The method

N
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can be normalized with the ZPR-II (or PDP) results, and could then be used
to compute the distribution in CP-6 at any time.

(3) more detailed analysis of local flux perturbations in the full-
scale PDP reactor. The effects of orientation, control rod tips, variations
in metal purity, position of control rods in the S-tubes, Wilkins effect, and
two-group effects are each individually small, However, the aggregate of
all these effects may well add up to the limiting factor on the flatness which
can be achieved in actual operation.

4-2 Determination of Pile Constants

4-2.1 Buckling, B?,

Table 4-2.1a lists the values of B> measured in the expo-
nential and in ZPR-II. The values differ slightly from those given in
Table 3-2.7. Here they have been computed from the critical heights using
a standard 6.0 cm reflector saving all around as explained in section 4-2.8,
while the values in Chapter 3 are those obtained by fitting the measured flux
points to the theoretical curves.

Table 4-2.1a

B? VALUES FOR ZPR-II AND THE EXPONENTIAL EXPERIMENT

o Setubes | 1 S-tubeshex | B2 lattice

ZPR-II :132r 2.27x107% -—- 2.27x 107
Critical height | 162.0 cm - 177.4 cm

B;* 3.57 x 10~% -— 3.06 x 107

B? 5.84 x 10™* (5.49 x 107%) 5.33 x 1074

Exponential B? (6.10 x 107%) 5.75 x 104 5.55x 10™

* B; is computed from the critical height after adding 12.0 cm
reflector savings. 0.31 x 10™* is added to take account of the
absorption of extraneous aluminum as explained in Section 3-2.7.
The numbers in parentheses are calculated values assuming a
AB? of 0.35 x 107 due to the aluminum in the S-tubes.

The values of BZ measured in the exponential depend upon
an average value of Bi, from many runs, and upon individual fits in the verti-
cal direction. Since there are few lattice units, the Bf, is difficult to measure

- and may not correspond to an infinite lattice. The measured values in

~
I3
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ZPR-II depend on average estimates of the reflector savings in all direc-
tions and upon the critical height. Because of the larger size, errors in
the reflector savings have a smaller effect (a half centimeter error in the
radius corresponds to 0.01 x 10™* in B?), and the critical height is meas- R
ured very accurately. In addition, a correction is made for extraneous
aluminum, as explained in Section 3-2.7. The absolute value of the B?
measured in ZPR-II is good to within about +0.05 x 10™% (cf. Section 3-2.5). )
The difference between the B? for the F.Z. and B.Z. lattices depends only N
on the measurement of the critical heights (since the reflector savings '
cancel) and is more accurate. In the exponential, the difference between

the two lattices does not depend upon Bf: either but does depend upon a fit

to the theoretical B, curve, which is not as precise a measurement as the

critical D,0O level in ZPR-II. -

B? for the F.Z. lattice with one S-tube/hex was not meas-
ured directly in ZPR-II. It is inferred from the value for the F.Z. lattice
with no S-tubes and from estimates of the difference between the two. .
Three estimates of this AB? have been made. A measured value (Section
3-2.7) of 0.13 x 107 is based on the effect of one S-tube and the measure-
ment of a differential height of 0.2 cm in critical height and is not accurate.

The effect of the S-tubes has been estimated by determining the volume of

aluminum associated with the unit cell and determining its disadvantage .
factor from the flux plot. The Af/f and AK/K can be calculated. This is
expressed as AB? through the three-group critical formula to give 0.40 x 1074,

The other estimate comes from the critical height of the
ZPR-II lattice. This consisted of empty S-tubes in the central 13 control - .
positions; the next 6 control positions were empty; and the remainder of the
reactor had Q-tubes in every position, making up the buckled zone. The -
critical height of this loading (with 15 stationary flux monitors inserted
which were not present in the previous measurements) was 169.0 cm,

There are two ways of estimating AB? due to the S-tubes .
from the data. The loading can be treated as a three-region problem, with
a central region of F.Z, lattice with S-tubes, surrounded by an intermediate
region of F.Z, lattice with no S-tubes, and an outer zone of B.Z. lattice.
Using the values determined previously for B? of the F.Z. and B.Z. lattices,
and the observed critical height, the problem can be solved to give the B? of
the central zone. This gives a value of AB? due to the empty S-tubes of -
0.32x 1074 (The calculation is normalized by the use of the critical heights - ’
of the F.Z. and B.Z. lattices to determine their respective B? values.) An-
other way is to consider the flattened zone critical height as being perturbed
by the B.Z. lattice and the empty S-tubes. The assumed values and results
for this calculation are listed in Table 4-2.1b.
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Table 4-2.1b

AB? IN F.Z. LATTICE DUE TO EMPTY S-TUBES

H* (cm) B, x 10* (cm~?) AB? x 10* (cm™?)
F.Z. lattice 174.0 3.26 --
B.Z. lattice 189.4 2.75 - 0.51
ZPR-II lattice 181.0 3.01 - 0.25
Statistical Weight of B.Z. in ZPR-II lattice: 0.117
AB? due to B.Z. in ZPR-II lattice: -0.06 x10™* cm™?
AB? due to S-tubes in ZPR-II lattice: -0.21 x10* cm™?
Statistical weight of cells with S-tubes: 0.738
AB? in F.Z. lattice due to empty S-tubes: -0.28x10* cm™2

*H is the critical D,O height plus 12.0 cm for top and bottom
reflector savings.

The stationary monitors are at 157 cm above the tank bottom,
or almost out of the D,O, and hence should not contribute signif-
icantly to AB2,

The two good values are the 0.40 x 107* from the volume of
Al and the cell flux plots, and this 0.28 to 0.32 x 10™* from the critical height
measurement. Table 4-2.1a uses a value of 0.35 x 10™* for the AB? due to
the S-tubes, which is the average between the values from these two esti-
mates.

The values listed in Table 4-2.la indicate that B as meas-
ured in the exponential is about 0.2 x 10™ higher thanmeasured in ZPR-II,
This may be due to an anisotropic diffusion area, which would make the
value of B? depend upon the geometry of a system in which it is determined.
This is discussed in Section 4-2.10. In this sense, CP-6 is about halfway
between the exponential and ZPR-II, so this effect will not be serious.

In using the measured B? values in calculations involving
CP-6, some allowance should be made for the extraneous aluminum found
in CP-6 in the safety and instrument thimbles, etc. a

The theoretical calculation of the difference in B% between
F.Z. and B.Z. lattices is discussed in connection with the resonance escape
probability in Section 4-2.5.
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4-2.2 Thermal Diffusion Area, L2

The data given in Tables 3-3.4 and 3-3.5 pertaining to the
value of L? are listed in Table 4-2.2.

Table 4-2.2

DISADVANTAGE FACTORS AND L? VALUES

Lattice F.Z. B.Z.
(1)
dy 0.46 0.51
drrod - 1.055 1.06
Effective Za cm™! 0.00982 0.0128
1%, cm? 92 70

1 ~ _
( )di = ¢i/¢ce11

(Z)Effective Ja = § (Zan)i/Vcen

i o

The absolute value of L? obtained in the experiments de-
pends upon the absorber used in making the flux traverse, the values of the
absorption cross sections used (as they are affected by the actual neutron -
spectrum), and upon the diffusion constant assumed. An attempt was made
to reduce the uncertainties in the diffusion constant to be used (particularly
as affected by the heterogeneity of the lattice) and in the absolute values of
the thermal cross sections by normalizing the results to the observed re-
laxation distance inan exponential lattice containing Pb-Hg alloy in place of
the uranium (ANL-4997 in preparation). Flux traverses were made, values
of the thermal cross sections were assumed, and an effective Za computed.
Then a diffusion constant can be defined by the product of the observed L2
and the 2a. This diffusion constant, 0.90, and the same thermal cross sec-
tions (Section 4-2.9) were used to interpret the ZPR-II results.

The uncertainty due to the higher energy neutron spectrum
in ZPR-II would tend to reduce the absolute values of the cross sections and _
increase LZ,

In CP-6, the higher moderator temperature will increase the-
diffusion constant owing to the decreased water density and decrease the ef-
fective Za owing to the higher neutron temperatures, both of which affect L2,

This is discussed quantitatively in DPC-172,

Yoo, “,O
’ ); ‘; O
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‘ e The value of L? in the controlled flattened zone of CP=6
. ‘ would be between the two values in Table 4-2.2 and closer to the value for
the B.Z. lattice.

4-2.3 Multiplication Constant, K

The multiplication constant, K, is assumed to be related to
the measured values of L? and B? through the three-group formulation:

K= (1 + L’B?) (1 + 74B?) exp (7.B?)

with 7¢ = 48 cm?, and Te = 79 cm® (cf. Barnes et al., Reactor Science and
Technology, vol. 1, No. 2, p. 41 for discussion and references). The values
from Tables 4-2.la and 4-2.2 then lead to a F.Z. (no S-tubes) K of 1.134; a
F.Z. (with S-tubes) K of 1.125; and a B.Z. K of 1.110. If an error of £5 cm
can be placed on L? + 7, and of $0.05on B% the error in K is +0.003, with
the error in L? the most serious.

2

4-2.4 Thermal Utilization, {

i The data from which the thermal utilizations are computed
a are taken from the detailed flux traverses reported in Section 3-3, and are
listed in Table 4-2.4.

- Table 4-2.4

RELATIVE ABSORPTIONS AND THERMAL UTILIZATION

F.Z. cell - no S-tubes B.Z. cell

Material Za(em™")

V (in.?) d (Za Vd) V (in.?) d (2, Vd)
U 0.326 6.28 0.46 0.9375 0.785 0.51 0. 1300
D,0 9.5 x 10°° 89.92 1.055 0.0090 9.47 1.06 0. 0009
Jacket Al 0.0134 1.44 0.56 0.0109 0.18 0.67 0.0016
Q-tube Al 0.0134 1.34 0.70 0.0127 0. 168 0.76 0.0017
Cell - 98.98 1.00 0.9701 10. 60 1.00 0.1342

The thermal utilizations are computed including the (Za Vd)
of the aluminum spacers. This volume is not subtracted from the uranium
volume, since the increased disadvantage factor at the slug ends (Wilkins
effect) compensates for the volume taken up by the 0.37 inch spacers.

A 2

. - S ;)OJ
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With S-tubes, there is an additional 0.41 in? of Al in the F.Z. lattice with
a disadvantage factor of about 1.5. The thermal utilizations are then:

F.Z. no S-tubes 0.9645
F.Z. with S-tubes 0.9563
B.Z. 0.9665

Since the thermal utilization is near unity, the values are
quite accurate. The major sources of error are the tolerances on the alu-
minum purity and thickness, and the amount of light water in the D,O. The
values should be good to within about 5 per cent in (1 - f), or £0.002.

4-2.5 Resonance Escape, p

The difference between the bucklings of the F.Z. and B.Z.
lattices can be estimated from the basic lattice constants and compared
with the observed difference to give a check on the consistency of the con-
stants involved. Table 4-2.5a lists the experimental data.

Table 4-2.5a

AB* BETWEEN F.Z. AND B.Z. LATTICES -
ZPR-II B2 e 1 B2 T
Critical Height 2z, xponential
(cm)(l) (cm™ x 10%) (cm~* x 10%)
F.Z. no S-tubes 174.0 3.26 6.10(2)
B.Z. 189.4 2.75 5.55
AB% cm™ x 10* --- 0.51 0.55

(l)Including 12.0 cm reflector savings (Section 4-2.8).

(2) calculated from the experimental B? obtained with S-tubes, as-
suming AB? due to S-tubes is -0.35 x 10™* (Section 4-2.1)

The AB? value of 0.51 x 10 * obtained from the difference in
critical heights in ZPR-II assuming constant reflector savings is considered
the best value, since it is not subject to curve fitting errors, as in the case
of the measurement of the absolute value of B%
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From Section 4-2.3, the difference in K in going from the
F.Z. to the B.Z. lattice is -0.024, giving a value of AK/Kp 5 , of -0.02. An
estimate of the probable error in AK/KF 7 due mostly to uncertainties in
AL? and ABz, is about +0.002, or less than the uncertainties in the absolute
values of L% and K.

In going from the F.Z, to the B.Z, lattice, the thermal uti-
lization is increased slightly by the higher fuel to moderator ratio, giving
Af/f = 0.0020. Assuming € does not change, Ap/pF 5 must be -0.023 +0.002.

Two assumptions for calculating the change in p between the
two lattices could be made. These are: (1) pg , = (Py Z.)7/6; and (2)
(1- p)B = (7/6) (1 - p)F . The first assumes that the resonance disad-
vantage'?afctor remains un"c%fanged (it is near unity, about 0.9, anyway) and
that the seventh Q-tube per hex absorbs the same fraction of the resonance
neutrons remaining as the average of the other six, taking into account the
decrease in the total number of such neutrons due to absorption by the other
Q-tubes. The second assumption is that the number of neutrons absorbed i
by the seventh is the same as the average number absorbed by the other six,
which does not take into account the absorption of the other six on the total
number of resonance neutrons. Briefly, assumption (1) would be exactly
right for a homogeneous resonance absorber, or for a heterogeneous one
which absorbs over a wide energy range. The second would be right for
heterogeneous fuel elements which did all their absorbing in a single, sharp
resonance peak. The actual absorption is between the two but is spread
over a considerable energy range. Also the surface term in the effective
resonance absorption integral is only about 10 per cent of the volume term.
Thus the first assumption seems better.

For comparison, Table 4-2.5b lists the values of p for the
B.Z. lattice to be expected from each of the two assumptions for various
values of Py 7

Table 4-2.5b

CALCULATED Pp 7 FOR VARIOUS ASSUMED Pr o

l t

; Assumed Assumption (1) f Assumption (2)
Prz. : PB.z. | OP/Prz. | Pz, | “0P/PFz.

b 1
0.8400 0.8159 0.0287 0.8133 0.0318
.8500 .8273 0267 .8250 .0294
.8600 .8386 .0249 .8367 0271
.8700 .8500 .0230 .8483 .0249
.8800 .8613 .0213 .8600 0227
.8900 .8729 0192 8717 .0206

3 -
s ,103

P
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From Table 4-2.5b, an observed AP/PF.Z of -0.0231 + 0.002 corresponds
to a pp. , of 0.870 t 0.01 by assumption (1); and of 0.878 1 0.01 by assump-
tion (2). The first value is preferred. This corresponds to a pg , of
0.850 t+ 0.01. T

4-2.6 Fast Multiplication, €

Figure 4-2.6 is a plot of the number of counts obtained from
the fission activity of cadmium-covered natural uranium pins, as explained
in Section 3-3.6. Series A consists of data from Figure 3-3,6a, and series B
from Figure 3-3.6b. The two series differ in the number of control rods in
the hex center. Also the data out in the moderator from series A was not
taken in a straight line with respect to the data inside the rod, whereas this
was the case with series B data.

The points and heavy lines represent the total epi-cadmium
fissions, which consist both of fast fissions and of l/v and resonance fis-
sions. If an estimate of the number of l/v and resonance fissions can be
made and subtracted from the total, an estimate of the number of fast fis-
sions and of € can be made.

The points furthest from the fuel tube should be made up
almost entirely of l/v and of resonance fissions, since the number of neu-
trons reaching that far into the moderator with still sufficient energy to
cause fast fission is small. For D, Og is about 3 b, corresponding to Sg
of 0.2 per cm in D,O. At 10 cm this represents a straight line attenuation
of a factor of seven in the fast fission producing neutrons. The geometri-
cal attenuation would reduce this still more. The value at the control cen-
ter is smaller than the number of resonance fissions in the fuel tube by
about 5 per cent owing to the decrease in such neutrons getting that far,
and is greater by about the same amount owing to the decrease in such
neutrons at the fuel tube because of resonance absorption. Thus the value
of the uranium activation furthest from the fuel tube represents a fair esti-
mate of the number of l/v and resonance fissions in the fuel tube. The re-
mainder are due to fast fissions. These values are listed in Table 4-2.6.

Table 4-2.6

€ AND THE FAST/THERMAL FISSION RATIO

fast counts fast/thermal fis sions(l) € (2)
Series A 12 0.028 1.017
Series B 15 0.032 1.019

(1) (fast counts) divided by (total counts, ¢, minus fast counts)

(2) Computed from (e- 1) = (Vf ~1)/vs times (fast/therrr;ﬁa,‘l £i~SSng“)SZ'
Assume v; = Vg = 2.5. s U4

Fopray
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The average total number of fissions in the uranium, a’u’
was determined by exposing uncovered uranium pins in the rod in a separate
exposure. The runs were normalized by three standard pins in squircle 12B.

These data do not represent an accurate measurement of €

207

but do indicate that it is smaller than had been thought previously. The error

is unknown, but could not be greater than about 10.006.

4-2.7

Summary of Basic Lattice Constants

Table 4-2.7 is a summary of the basic lattice constants in-

ferred from the ZPR-II data as detailed in this chapter.

Table 4-2.7

SUMMARY OF ZPR-II LATTICE CONSTANTS

Lattice F.z. . F.Z. B.Z.
no S-tubes with S-tubes

n (4-2.9) 1.325 +0.005 | 1.325 +0.005| 1.325 t0.005
€ 1.018 +0.006 | 1.018 %0.006 | 1.018 +0.006
p 0.870 * 0.01 0.870 + 0.0l 0.850 t 0.01
f 0.9645 t 0.002 | 0.9563 + 0.002 | 0.9665 t 0.002
K = nepf 1.132 +0.013 | 1.122 t0.,013 | 1.108 +0.013
L2 92 t 5 91 £ 5 1ts
B? x 10* 5.84 1 0.05 5.49 t0.05 5.33 t0.05
T (4-2.3) 48 48 48

Te 79 79 79
K 1.134 + 0.003 1.125 +0.003 | 1.110 t 0.003

The determination of K by means of L? and B?® gives a more
direct measurement, and a more precise value, than the determination by

means of the independent evaluation of the quantities 7, ¢, p, and {.

A flattened zone was obtained in the central seven hex lat-
tice units with uniform positioning of the control rods.
average flux in the fuel tubes was found to be 1.06. There is evidence that

The maximum to

this figure can be reduced considerably in CP-6 by trimming the control

)
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rods, particularly near the edge of the flattened zone. Local flux variations
in the fuel due to the orientation of the fuel and control elements cause a
deviation in average fuel flux of less than 2 per cent. The flux rises slightly
at the tips of partially inserted control rods. This rise is associated with
the desired rooftopping of the vertical flux distribution, and should not be
harmful.

— ' In CP-6, in order to have the flattened zone bowed less than
5 per cent, the average control rod positioning must be within about 3 inches
of the optimum. | Individual rod variations (including insertions of full rods),
compensated for by motions in adjacent control positions, are permissible.
The average flux in a fuel tube can be decreased by 10 per cent by inserting
a full rod in the adjacent control position which originally contained two
control rods, but only by 4 per cent if the control position already contained
three rods.

The flattened zone of ZPR-II was tilted 20 per cent by in-
serting one full rod in one control hex and removing one from the opposite
position in the central ring of six control positions. It is estimated that
equal and opposite control rod motions of one foot at the edges of the CP-6
would cause a tilt of about 10 per cent.

ZPR-II operation indicates that obtaining a flattened zone .
in CP-6 can be accomplished by treating each local area composed of about _ :
seven control positions separately to remove its local power variations.

This would have very little effect on the remainder of the reactor.

4-2.8 Reflector Savings

The reflector savings for ZPR-II have been determined by
fitting the observed axial and radial flux distributions to the theoretical
curves and extrapolating to zero, as explained in Section 3-2.4. Table 4-2.8a
gives the values taken from Tables 3-2.5a and b after subtracting the 8.9 cm
D,0 reflector at the bottom of the tank from the measuredbottom reflector
savings. The estimated r.m.s. deviation of the reflector saving values is
t 0.5 cm given in Section 3-2.5,

Table 4-2.8a
ZPR-II1 REFLECTOR SAVINGS

Lattice F.Z. B.Z i
Top reflector savings, cm 5.0 6.9
Radial reflector savings, cm 6.3 5.7 ’
Bottom reflector savings, cm 5.7 6.7
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The average of all the values in Table 4-2.8a is 6.0 cm.
Since the exact value of the reflector savings determined in a given experi-
ment is very sensitive to the fit of the curve to the experimental points, and
* since there seems to be little reason to believe the reflector savings would
depend upon the lattice, the average value is probably better than any indivi-
dual value and is used for all B? calculations throughout this chapter.

3

¢ The extrapolation distance to be expected for an unreflected
D;0 reactor is 0.71 Ay, or about 1.8 cm. The difference between this value

- and the observed top and radial reflector savings is believed due to the en-
vironment of the reactor.

- The radial reflector consists of the 3/8 inch steel tank wall
and the walls of the reactor room, described in Table 4-2.8b. Distances
given are from the wall to the nearest point on the reactor.

) Table 4-2.8b

RADIAL REFLECTOR MATERIALS FOR ZPR-II

) Distance Thickness Composition
. (feet) (feet)
North wall 14-1/2 3 Reinforced concrete
- East wall 5 3 Concrete block
s South wall 5-1/2 1 Brick
West wall 12-1/2 1 Brick

_—
»

The top reflector is heterogeneous, consisting first of the
Q-tubes, which extend up to a height of about 9-1/2 feet above the bottom of
the tank. At this level there are the I-beams to which the Q-tubes are fast-
ened; these are 63-S Alcastings 4 inches thick and 12 inches apart. 15inches
2 above this there is the grid supporting the cover plates, which are 3/8 inch
’ thick 63-S Al. Areinforced concrete ceiling 8 inches thick is about 14 feet
above the cover plates.

* . The bottom reflector includes the 8.9 cm of D,0O, the tank
bottom, and a concrete pad and floor which can be considered as infinitely
thick. H. Clark (DPC-140) calculated the reflector savings due to these ma-
terials to be 15.0 cm. The observed values are 14.55 cm for the F.Z. and
15.65 for the B.Z. lattices.
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CP-6 is surrounded by an essentially infinite reflector of
an H,O-Fe mixture. There is no indication from the ZPR-II results that the
calculated CP-6 reflector savings should not be valid.

R

4-2.9 Physical Constants Used in the Calculations

The constants used in making calculations are taken from ¢
those given in Table 4-2.9.

Table 4-2.9

CONSTANTS USED IN THE CALCULATIONS -

0y (natural) = 3-62 P (at 2200 m/sec) ]
O‘fU =4.08b
oay =7.70 b
0a,, =0.25b
. N =1.325 *
14 = 2.5 *
€ = 1.033 (1 inch rods) T
Jay = 0.326 (Thermal distribution at 20°C) .
ZaAl = 0.0134
Sap . 4 = 0.452 (3-1/2%) ‘
= 0.818 (7%)
= 1,081 (10%) .
z an-Hg = 0.283 (1 inch rods used in exponential)
Dia. of Pb-Hg = 0.98 inch
DDZO = 0.80 (for diffusion theory calculations) .
D pile = 0.90 (as defined by > asff » L% . {

3/8 inch Al spacers: Neglect the effect since Wilkins
effect makes the decrease in za®ff- very small.

On July 14, 1952, a discussion among Frank Driggers,
R. Haefner, P. Hayward, E. Hones, D. St. John, and B. I. Spinrad resulted
in the following values of cross sections to be used in reporting and corre-
lating results from the exponential experiments and ZPR-II. -
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Cross sections used for L? determinations will be those for
a Maxwellian distribution of neutrons at 20°C (2200 m/sec,or0.0253 evatkT).

The following constants recommended by Spinrad (see below)
are used. Cross sections are for 2200 rn/sec monoenergetic neutrons.

o2 =2.89b

c% =566Db
25 -

oy = 672 b
a? =0.183

v¥ = 2,50

UZ35

The abundance of in natural uranium is 0.7205 atom per cent.

Using these numbers, we have for natural uranium for
2200 m/sec neutrons: o, = 3.62 b, of = 4.08 b, and g, = 7.70 b. = 1.325.
(Spinrad gave 1.323.) The upward revision makes 1** exactly 2.5, and rep-
resents a slight increase in his quoted value for 1*®>, For thermal neutrons
at 20°C, using a density of uranium of 18.9 gm/cc,3a = 0.326. This rep-
resents an upward revision of the cross section for uranium with respect

to values which have been used in the past.

The cross section of Li-Al alloy is taken from the follow-
ing: Absorption cross section of natural Li is 67 b (G. E. Chart, 1950).
Atomic weight is 6,940. Density of 3-1/2 per cent is 2.44; of 7 per cent,
2.24; and of 10 per cent, 2.08. Aluminum cross section is taken as 0.25Db.
This gives for 3=1/2 percent, Za = 0.452; for 7 per cent, Za = 0.818, and
for 10 per cent Za = 1.081.

The density of 25 Al is 2.70, which, with an atomic weight
of 26.97, gives Ja; = 0.0134 for thermal neutrons.

The correction to L? due to the 3/8 inch aluminum spacers
between the slugs is ignored. The increase in flux near the slug ends due
to the Wilkins effect almost makes up for the decreased amount of uranium.
Thus, a cell traverse made in a plane through the center of the slug will
give results equivalent to the average within experimental error.

The diffusion constant for D;O is taken as 0.80 in diffusion
theory calculations of the flux distribution within a cell, as this reproduces
the observed distribution well. However, the diffusion constant relating L2
and Zaeff' for the lattice as a whole is taken from the exponential measure-
ments of L? and 2 as determined for the Pb-Hg lattice. This value is
0.90, and should be used to obtain L? from %a®'',



212 -

The following is taken for reference from a letter to
Dr. Frank L. Adelman from B. I. Spinrad dated April 23, 1952,

“1. Abundance of U?*® in natural U -

This is one of those elusive numbers. HW-12163,
Larrick, 1949, lists 0.007115 as the weight fraction of 25 in U. A set of
Y.~-12 reports gave numbers centering around 0.007110 for this number, .
and private information from Mark Inghram at ANL was (approximately) .
0.007124. With no way of evaluating the best of these, the average, or
0.007116, should be pretty good.

Now observe that this is the weight fraction. Then, «
2 25 /.28 25 i .
35 n¥/n* 0.007116, which solves to 4-—= 0.007258 = .
25 /428 728 137.8°
235m%%/7?%8 + 238 .
The at fracti f 25 is th ! d of 28 137.8 The confusion is ’
e atom fraction o is then y==—,and o ' 7388

due to the fact that weight fraction and atom fraction are often not clearly
discriminated.

2. Cross sections of U2?%¥ v .

Here there are definite measurements. First, however,"
it must be observed that 20°C is 0.0253 ev, not 0.0256. This makes some
difference. In time of flight measurements, 20° C is 2200 meters/sec.

Now CU-98, CR-1709, a Columbia report by Havens, ¢
Melkonian, and Levin, gives

+20
Ototal= 680_j9barns for U?s,

Of this, 10 barns scattering should be subtracted, leaving

+20
0.+ 0f=670_)9. The errors are outside limits, and

presumably the measurement is therefore quite good. *

Cc .
oczs, the ratio of T capture to fission, was measured -

in LLA-511 and LA-512, and reported in ORNL-86 as 0.183 t 0.006. This
number seems likely to stand the test of time. *

T)zs, the neutrons per absorption in 25, used to be
quoted around 2.14. The best old measurement, however, is by Zinn,
Lichtenberger, et al. (also confirmed by Zinn and Kanner in a report I
couldn’t find) CF-3651, giving n= 2.11 ¥ 0.02. More recently, Muehlhause
(ANL-4746, p. 2) obtained 2,10 t 0.01. Giving just a little weight to the old
values (obtained by Fermi - see ORNL-86), I would settle for 2.11.

N

A )}io -
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125 cannot be measured to nearly the precision of

n or 1+ a. Hence, the best can be obtained by multiplying:

v =121 +a) =2.11(1.183) = 2.496 = 2.50 within error.

3. Cross sections of U238

Here the values are settled down, as a result of two sets
of oscillator measurements. ORNL-1175, Pomerance, p. 1, lists

a®® =281t .08

ANL-4680, Muehlhause, p. 10 lists

c%®=2.85

Both of these numbers are based on boron, eventually.
Pomerance uses 730 b as the boron cross section, Muehlhause 740 b. Re-
cent unpublished measurements by Ringo of transmission through boron give
750 b, and it is believed that older measurements are in doubt because of
poor chemical determination of B,O; ( this latter is not a stoichiometric com-
pound, and its composition may vary by several per cent). Using this number,
Pomerance’s results yield 2.89, and so do Muehlhause’s. Hence I recommend

o%® = 2.89 at 20°C.
4. nfor natural U

Putting in these constants, we get

7—)25
u n*® 0% ——  2.11(670) (0.007258)
A N = 1.323
o2 'l;;+‘ o%®  (670) (0.007258) + 2.89
n

This might be a better number than 1.315, which was
adopted as a convention earlier in the game to keep calculations consistent.
On the other hand, if I had used Muehlhause’s 1n%% = 2.10, I would have ob-
tained 1.317, which is pretty close. As you can see, then, the errors pile

up.

Unfortunately, ‘r)U seems to vary every time you try
a new lattice. Thus, a number of exponential experiments at W tied into
the "r)U = 1.315. On the other hand, exponentials on homogeneous D,O sys-
tems at ANL were consistent with nU = 1.35, and we have had fair success
on Savannah River exponentials with nU = 1.335. The answer is that we

Pus 21y
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keep altering our methods of computing, and all the little changes eventually
get lumped into 7) when we try to fit consistent sets of data. Part of the trou-
ble lies in €, part in p, part in f and L% and it will be years before we get
things sorted out to everybody's taste.” .

4-2.10 Effects of an Anisotropic Diffusion Area

If a core material with a particular multiplication constant,
K, has a diffusion area which is anisotropic, the apparent buckling of the
lattice will vary with the geometry into which the core material is placed.
Such an anisotropic diffusion area may exist in rod lattices. Consider such
a lattice with age T, axial thermal diffusion area Lza, and radial diffusion
area Lzr. Let Bza and BZr be the observed axial and radial bucklings.

Then by the one-group formulation,
= 2 2 2 p2 2 p2
K-1= 7(B} + B?) + L2 B + L2 B}

If an experiment is performed in each of two different geo-
metrical arrangements, the multiplication constant is the same in both, and

2 2 2 n2 2 p2 _ 2 2 2 p2 2 p2
T(Bal + Brl) * LaBa1 P Ly B T T(Baz * Brz) Ly Baz t Ly B, - .

2 _ (n2 2 2 2 .
Let AB“ = (B, + B z) - (B, * Brl) be the apparent difference

in bucklings. T oy
Then: TAB? = L% (B%, - BY) + L2 (B% - BY) ] ;
= 15 (-ABY) + (1 - L)) (B, - BY) *'
M?*AB? = (L4 - L2) ABZ

- (12 _ 12 2
= (L% - L2) AB?

For example, let the subscript 1 refer to the critical experi-
ment (Bi.,1 = 225x 1076 cm ™), and 2 refer tothe exponential (Bi.z= 950 x 10'6),
with M? equal to approximately 220 cm?’ for either the flattened zone lattice 4
or the buckled zone lattice.

AB%=3.3x107¢ (L% - L) cm™?

The observed difference between the exponential and the - .
critical bucklings is about 20 x 1076 (Section 4-2.1). This would imply that
Lza - L"i, is 6 cm?®, This could be accounted for if the diffusion constant in the
axial direction were 7% greater than in the radial direction.

YoLu 212 ]
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' . 4-3 Statistical Weight Methods for Predicting Reactor Behavior

4-3,1 Statistical Weights in ZPR-II and CP-6

A s

One of the most important functions performed by the ZPR-II
‘ experiment hasbeen to establish reliable methods for extrapolating from expo-

. nential data or from data taken in a small portion of a reactor such as
ZPR-II to the corresponding quantities in a full-scale reactor. In extrapo-
lating perturbations observed in one reactor to predict the reactivity of an-
other, the concept of the statistical weight of a portion of a reactor is used.

%Fo; the CP-6 type latticef, the effect on the reactor of a con-
trol rod, for example, is expressed in ferms of the infinite lattice constants,
the most important being B2, That is, B% is estimated for an infinite lattice !
containing the control rod in each cell. Then the effect of a control rod or
rods in CP-6 is given by the product of the infinite lattice B? and the statisti-
cal weight of the cell or cells into which the control rods are actually placed.
In reverse, the effect of a control rod in a single cell of ZPR-II can be meas-
ured and divided by its statistical weight to give the infinite lattice B?,

The statistical weights of some regions of the reactors have
been calculated by integrating the squares of the theoretical flux curves.
This has been done for ZPR-II for the case of a Jy distribution (buckled
¢ pile) and for the reactor with a flattened zone (flattened pile) formed by in-
Efrting control rods in the central seven hexes. R, Haefner has made a
) ' similar calculation for CP-6 to be included in the Savannah River Reactor
- " .Technical Manual. ; The results of these calculations are listed in Table 4-3.1. " ~

o

Table 4-3.1

STATISTICAL WEIGHTS IN ZPR-II lAND CP-6

et A BASE  iy

]
Region Bucilil;-;ile F 1atz;fnRe;Hpi1e ? CP-6
|
Central hex 0.0857 0.0536 é 0.015
- ) Central 7 hexes 0.488 0.376 0.100
Next 12 hexes 0.395 0.396 -
- Buckled zone 0.117 0.228 | 0.379
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4.3,2 Control Rod Effectiveness

A series of experiments (Section 3-6) was run in which the
effect of various numbers of control rods inserted into a single control cell
of ZPR-II was measured. The following table lists the observed AB? to-
gether with the AB? calculated from the exponential data (see Appendix for
a table of exponential data) and the values of the statistical weights listed
in Table 4-3.1

Table 4-3.2
CALCULATED vs. EXPERIMENTAL CONTROL ROD EFFECTIVENESS IN ZPR-1I

ZPR-11 Exponential Stat. Calc. AB? x 10*
Control Position No. of Rods 2 a 2 4
AB®x 10 AB® x 10 Wt. for ZPR-I1

1 (central hex) 1 0.216 2.43 0.0857 0.21

1 2 0. 322 3.71 (est.) 0.0857 0.32

1 3* 0.483 4.99 0.0857 0.43

1 4% 0.523 5.96 0.0857 0.51

1 5% 0.583 7.32 0.0857 0.63

2 (next ring) 1 0.151 2.43 0.0670 0.16

4 (similar to 2) 1 0. 166 2.43 0.0670 0.16

4 2 0. 250 3.71 (est.) 0.0670 0.25

*The third rod in ZPR-II was cadmium, the fifth 7% Li-Al. All others and all those
used in the exponential were 3-1/2% Li-Al.

It is seen from the table that the values calculated from the
exponential data agree very well with the experimental values in ZPR-II.
The discrepancies are due to different strength rods used in the two experi-
ments for the third and fifth rods added. This series confirms the value of

\the statistical welght method for extrapolating from exponential and ZPR-II

'data to CP-6. It also leads to the important conclusion that the effectiveness$
of control rods in a lattice can be measured accurately in ZPR-II with the
loading of a single cell of the desired lattice and the insertion of the desired
control rods.

An experiment was performed in which one 3-1/2% Li-Al
control rod was added to each of the central seven control positions in ZPR-II.
The critical height was raised from 169.0 to 218.9 cm. Using 12.0 cm reflec-
tor savings, this corresponds to a AB?of -1.16 x 10™* cm™. A single rod in
each cell in the exponential experiments gave a AB? of -2.43 x 107%, The sta- -
tistical weight of the central seven cells (Table 4-3.1) is between that of 0.488
for the buckled pile and 0.376 for the flattened pile. Multiplying the exponen- -
tial data by these statistical weights, the AB? expected would be between
-1.19 x 10~* for the buckled pile and -0.91 x 107 for the flattened pile. The
agreement between the observed value and that calculated for the buckled

N
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pile indicates that the buckled pile statistical weight can be used to deter-
mine the AB? of a lattice which is loaded into the central seven cells only,
provided that AB? is not much greater than 1 x 1074,

4-3.3 Use of a Small Region in ZPR-II to Determine Lattice
Constants

The data in the preceding paragraph are sufficient to eval-
uate the use of a small region in ZPR-1I for determining the B? of a new
lattice.

The critical height in ZPR-II can be measured with a pre-
cision of about 0.1 cm, corresponding, at about 200 cm total height, to about
0.25 x 107% in B%. If the critical height of a lattice with known B? is meas-
ured, and then a new lattice is loaded into the central hex with a statistical
weight of 0,0857, the precision of the AB* measurement between the two is
3 x 107 If the central seven hexes are loaded, with a statistical weight of
0.488, the precision is 0.5 x 1078, These figures indicate that the meas-
urement of the critical height is not the limiting factor in B? measurements,
even if only the central hex is loaded.

The accuracy of the measurement depends, then, on the
evaluation of the statistical weight of the region loaded. The most accurate
measurements are made with the full pile loaded with the new lattice, in
which case the accuracy is limited by the critical height measurement, and
ABZ is measured to about 0.25 x 10 7%, However, the absolute value of B’ is
not known nearly that well, so the accuracy in such a AB? measurement may
not be worth the effort required to load the whole pile.

In general, the statistical weight of a region of the reactor
can be calculated accurately if the B? in that region does not differ too
greatly from that of the reactor as a whole. In addition, the allowable AB?
is greater for smaller regions.

Loading the central hex only is of particular value when the
B? giffers greatly from that of the surrounding lattice, as in the evaluation
of control rod effectiveness. Table 4-3,2 shows that control rod effective-
ness can be measured within about 5% in AB? for one or two control rods
and indicates similar accuracy up to five rods. In this case the single hex
is so small that its statistical weight is not altered too seriously by even
these large changes in B2,

Loading the central seven hexes is of value to get greater
precision when the AB? is fairly small (not much greater than that due to a
single control rod per hex). For larger AB?, it becomes difficult to calcu-
late the statistical weight of the region, and a radial flux traverse would
have to be taken to aid in this estimate. Negative B? appreciably greater

DAs9 ar3
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than that required to give a flattened zone cannot be niasured in the cen-
tral seven hexes of ZPR-II, since it would not be possible to obtain criti-
cality.

Comparing the precision of the measurement in the central
hex alone (about 3 x 107%) with the accuracy of B* measurements (about
5 x 10'6), it seems that loading the central hex should give a sufficient de-
termination of B? for almost all purposes, and that larger scale loadings
need to be used only for a final value for a lattice of particular interest.

The determination of L? and the thermal utilization for a
new lattice requires a flux traverse throughout a single cell, which can be
obtained, with a loading in the central hex only, for lattices not too differ-
ent from the ZPR-II lattice.

4-4 Relaxation Method for Multi-region Reactor Flux Calculations

4-4.1 Comparison of Calculated and Experimental Flux
Distributions

The experimental data with which the relaxation results
were compared have been reported in Section 3-7 - specifically, the part
covering the flux distribution with five control rods in the upper half ofthe
reactor. The dimensions and bucklings in both ZPR-II and the model set
up for purposes of calculation are shown in Figure 4-4.1a. In ZPR-II, the
bucklings in regions II and IV have been measured directly; the B? in re-
gion I was obtained by subtracting the A B® due to 5 rods (cf Appendix) from
549, the B? of the flattened zone lattice with S-tubes; B? in region III was
calculated from the critical height in the bare ZPR-II lattice. The B? of
540 in region II of the model was a guess at the average B? over the cor-
responding three regions of ZPR-II.

It will be noted that the dimensions of the model differ
slightly from those of ZPR-II. The discrepancy arises from the require-
ment that the model dimensions be integral multiples of the net spacing,
which itself was taken to be 1/5 the radius of the controlled zone, or 13.06 cm.

The relaxation technique has already been described in
DPC-241, and in references cited therein. In this case, the one-group dif-
fusion equation was applied, and the calculation carried out in cylindrical
geometry, a fact which somewhat complicated the work on account of the
necessity of progressively changing the Laplacian.
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As a matter of practical interest, it should be added that
the whole job took an estimated 300 man-hours, on Marchant or Monroe
desk calculators. This figure is not truly indicative of the time required,
however, because some of the computations were carried out by people not
previously familiar with the technique, so that they had to be trained on the
job. An experienced operator could probably have done the work in 200
hours. By way of comparison, the corresponding experimental data were
obtained in an estimated 80 man-hours.

Comparisons of calculated and experimental fluxcurves
are given in Figure 4-4.1b. In looking at these curves, it should be kept
in mind that the controlled zone extends out radially about 26 inches, and
has its lower boundary 44 inches above the tank bottom. It can be seen,
therefore, that the fit for the vertical flux distribution is good far from
the zone boundary (e.g., Figure 4-4.1b, curves A and C and Figure 4-4.1c,
curves Aand C) out not as good close to the boundary (Figure 4-4.1b, curve
B and 4-4.l1c, curve B). Both the radial curves, Figure 4-4.1d, show a
match somewhat poorer than that obtained for the vertical distributions; in
particular, the flux hump occurring just beyond the controlled zone bound-
ary is only weakly reproduced by the calculated curve. This fact, inci-
dentally, lends support to the belief that the observed hump is partly a
two-group effect (see also Section 4-7.3).

In sum, this project indicates that the relaxation method
is capable of predicting flux distributions in fairly good detail. In its pres-
ent stage of development, however (in particular, when used with ordinary
desk calculators), it probably would not compete, in terms of time expendi-
ture, with an experimental facility such as PDP.

4-4,2 Discussion

The preceding comparison shows that the relaxation method
can be used to give a good picture of the over-all flux distribution in a re-
actor with relatively complex control regions. This could be used to deter-
mine the flux distribution for rooftopping, for example, as well asto determine
the distribution to be expected due to complex perturbations such as the
tilting of the flattened zone due to perturbations in a small number of control
cells.

The detailed flux picture where it is perturbed by the two-
group effect or around the ends of control rods, etc., is not given by this
method, and must be studied in a reactor.

The hand computation of these problems is laborious. Machine
computations do not represent a direct saving in time in relaxation problems,
because in general they converge slowly, and the machine cannot make as
intelligent short cuts as can a human operator. However, a considerable
saving can be effected, and a finer network could be handled.

{
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R. Haefner has developed this problem for IBM computation .
with a net of about 200 points, the same as was used for the hand computa-

tion. He finds it takes about 25 minutes per iteration. The number of itera-

tions depends on the quality of the initial guess, and the precision desired,

but 50 hours of IBM time would give about a hundred iterations, which should

be sufficient. '

Many of the high-speed computers today have about 1000 in- -
ternal (fast) memory positions. This would allow a computation of about 700
lattice points within the fast memory, and iterations would be made in only a -
few minutes, so that a few hours of time would be required.

Decreasing the mesh size increases the time per iteration
and decreases the rate of convergence, and below a certain size relative to
the lattice in the reactor, decreasing the mesh does not necessarily lead to
a better answer., 600 to 700 points for CP-6 will probably give as good an
answer as one-group theory will allow.

4-5 Kinetics of a D,O-Moderated Reactor

4-5.1 Reactivity vs. Period from D,0 Level Measurements

The quantity d ih/dH was measured at several different
critical water levels obtained by inserting safety rods in ZPR-II (Section -
3-10.2). Periods corresponding to level increases dH above critical height
were translated to inhours of reactivity by the period curve calculated for -

U?* fissions. This curve is fairly valid in the region used here (periods M
greater than 100 sec). The value of inhours per % AK/K is calculated from

the three-group representation. Since during a given measurement, M? does

not change,

-

1 dK 1 dK dB? L2 T dB?
— = . = + 7—
Kdih KdB? dih 1+ L2B% 1+ 7,B? 21 4 in

ForL?= 90, 7T, = 48, T, = 79, and B? = 5,58 x 10™*, the quantity in the brackets

is 212 cm®, For the extreme variation in water level in the different runs,

the addition of safety rods may decrease L2 by about 3%, and B? may decrease

by about 20%. The net effect of these changes on the quantity in the brackets -

is small compared to the experimental error.

The results of these measurements are summarized in
Table 4-5.1 and plotted in Figure 4-5.1.



Table 4-5,1

CHANGE IN REACTIVITY WITH D,O0 LEVEL

] —
. 2 .

D,0O Level (1: ;:{d:lm) di {Selh ih per %AK/K
162.0 27.2 0.142 330
171.1 22,6 146 320
189.3 17.4 143 330
206.8 12.1 .159 300
169.6 25.70 132 360
176.5 23.00 132 360
180.8 20.38 139 340
182.6 19.39 142 330
274 4.36 197 240
169.1 25.4 131 360
170.4 25.7 127 320
170.4 25.1 130 360
170.5 26.2 124 380
170.8 24.0 135 350
171.1 24.6 131 360
171.0 22.2 .145 330
171.1 24.3 132 360
171.0 23.8 135 350
262 7.32 131 360
221 11.02 142 330
276 5.00 165 290
277 4,83 169 280

The first four experiments were not done as carefully as
the others. The average of the values at a level of about 170 cm is 355 in-
hours per %AK, while at higher levels, in the region of improved accuracy
(larger values of dH can be used), the values are significantly lower. All
values are lower than the figure 390 ih/%AK obtained from a calculation
using delayed fission neutrons. The presence of delayed photoneutrons in-
duced by gamma rays from fission products can explain the lower values.
Further evidence of photoneutrons is found in the fact that periods taken
as much as 20 minutes after the pile had been operated at high flux were
quite different from periods measured when the pile was cold.

The variation of ih/%AK with water height and previous
operating history demonstrates the impossibility of using period measure-
ments to determine exact critical levels. In an effort to improve the inhour

221

relation, further kinetic experiments investigating the effect of photoneutrons

and spontaneous fission were performed (Section 4-5.4). 4
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4-5.2 Spontaneous Fission and Subcritical Levels

The strength of spontaneous neutron source Q in ZPR-1I
has been obtained by measuring the steady-state flux $o at the center of the
pile with the D,0 level slightly subcritical.

=1
K -
Q = Do, (B — - 1> (4-5.2-1)
where
r 2 _ R
k= {(1 + Lszc)eT(BC BY) | 1} (4-5.2-2)
L?;

Bi is the buckling at critical height and B? is the buckling of the subcritical
pile. L% =175 cmz, D=0.9cm, T =127 cm?®. The average of measurements

at a variety of levels between 97% and 99% critical height has the value
Q= 0.014 * 0.003 n/cm® sec (Section 3-10.3).

Segre reports 6.5 x 10~% spontaneous fissions/sec/gm for
uranium (Phys. Rev. 86, 21 (1952)). Using his figure of 2.2 neutrons/fission,
this results in a source strength of Q = 0.0168 n/cm3sec in ZPR-II,

Similar values of the source are measured after the pile
has been down one day or one week, indicating that all observable delayed
neutron groups decay within 24 hours.

4-5.3 Flux Behavior During Shutdown

Crude measurements of the decaying flux were made early
in the kinetic program to ascertain the requirements on safety devices. The
difference between a slow and a fast shutdown is represented by the typical
curves shown in Figure 3-10.3b. Shutdown is effected in one case by drop-
ping the #3 and #6 pairs of safety rods, and in the other, by lowering the
rods in 77 sec.

More refined decay plots were called for with the investi-
gation of the inhour formula, however. Figure 3-10.3a shows a family of
descending fluxes corresponding to various durations and power levels of
pile irradiation. These should reach the asymptotic flux within 24 hours.
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4-5.4 Delayed Photoneutrons

The decaying flux has been computed under the assumption
that the only delayed neutrons are fission product neutrons reported by
Hughes et al. (Phys. Rev. 73, 111 (1948) ). The result, plotted in Figure 3-10.3a,
corresponds to the observed decay only for a very short time, then falls to
zero. The persistence of the actual flux arises from delayed neutrons of much
longer half-lives, photoneutrons.

Photoneutrons arise from the deuterium (Y,n) reaction with
a threshold of 2.2 Mev. The photoneutron groups of ZPR-Il are assumed to
be those tabulated in Weinberg and Noderer, Theory of Nuclear Chain Re-
actions, Vol., II, The decaying flux is computed with these additional neutrons,
regrouped as shown in Table 4-5.4 to reduce the degree of the secular equa-
tion.

Table 4-5.4

DELAYED NEUTRON GROUPS

| I | o0blsec ' 850 x107t |
I 1.9 sec | 2445 x107*
| '
II | 646sec | 22.81 x107*
11 | 32,1 sec  17.26 x107*
35,0 sec . 7.32 x10~*
47.0 sec . 214 x10"*
v 2.7 min 1.32 x107*
79.8 sec 2.6 x 107*

v | 11.1 min 0.400 x 107
Vi | 39.3 min 250 x 107*
Vil | 76  hr 0122 x 107* |

i 6.3 hr , .0387x107% |
! t

2.4 hr 5 284 x 10t

In Table 4-5.4, ’Bk is the fr .ction of the total fission neutrons

in the kP delayed group, with a mean life, T The B for each group is taken
as the sum of the B’s within the group, and the mean life is taken as the B~
weighted average of those within the group.

Using these values, a plot of the flux expected vs. time was

- calculated for an irradiationtime of 3 2ours and 10 minutes, and is shown in

3
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Figure 3-10.3a. The B’s listed in Table 4-5.4 for the photoneutrons were
measured with a small amount of uranium oxide in D,O. To take account
of the gamma attenuation in leaving the rod, the photoneutron B’s were then
corrected by a factor of 0.225, and a corrected curve was calculated. This
is also shown in Figure 3-10.3a. This curve is in much better agreement
with the experimental flux decay.

The task of solving even this simplified grouping of delayed
neutrons with a desk calculator is prohibitive. Also the inhour relation ob-
tained for a given calculation would be valid only for a single power level
and duration.

An additional program should be undertaken to determine
from the data an adequate representation of the delayed photoneutrons and
to develope IBM machine computational methods. Then a series of curves
of pile period vs. reactivity could be drawn for various previous reactor
operating histories. . This program is necessary in order to establish the “\
validity of period measurement calibrations of control and safety rods in \;
CP-6. ) *

4-6 Stability of the Flattened Zone

4-6.1 Bowing of the Flattened Zone

If the radial buckling of the flattened zone is uniform but
is not exactly zero, the flattened zone will be bowed up or bowed down at
the center. The curve will approximate a Jo(B_r) or I (iB,r), which behave
for small arguments like 1 = 1/4(B_r)2

Figure 3-4.4a shows the bowing of the flattened zone when
a rod (the second in the group, essentially) is withdrawn completely from
each cell starting from a position 65 inches above the reactor bottom. The
average critical height is 104 inches, so this represents the withdrawal of
one-third of the second rod in the control group. The statistical weight of
one-third of a cosine curve is 0,20 of the full rod length. The exponential
AB? due to the second rod (Table 4-3.2) is 1.28 x 10™* The radius of the
flattened zone is about 90 cm, so the bowing expected is about 1/4 x1.28 x
10"* x 0.20 x (90)* x 100 = 5%. The observed bowing is about 129 in a plane
which passes through the region from which the rod was withdrawn, and
4% through the part of the pile where the control was unchanged. This latter
figure is representative of the major portion of the reactor.

‘The flattened zone in CP-6 has an area about 7 times that in
ZPR-II, so the same amount of bowing would be expected from a perturbation
one-seventh as severe as removing one-third of a rod from each hex. This
perturbation would be accomplished by moving the second rod in the control

Rt
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group of each hex in the flattened zone a distance of 1/2 x (1/7) x 0.20 x 15
feet, or about 3 inches. Table 4-3.2 shows that the AB? controlled by the
third and fourth rods in the control cluster is only 10 to 20% less than that
controlled by the second rod, so this motion is relatively independent of
whether the end of the rod being moved overlaps the half-rods or not.

This means that to get the flattened zone flat to within about
5%, the control rods must be, on the average, within 3 inches of the best po-
sition.

4-6.2 Stability with Respect to Local Control Rod Perturbations

. Since the flattened zone in CP-6 will contain at least 37 hexes,
a control rod motion in a single hex would have to be of the order of 37 times
as great as a control rod motion in each hex to have the same over-all effect.
A three-inch motion in each hex with the rod tip in the center of the reactor
corresponds to removing a full rod halfway out of the pile in a single hex.
This means that considerable latitude is allowed in moving a single rod to
remove any local perturbations without affecting the flattened zone as a
whole. Also, severe perturbations in a single hex can be compensated by
motions in the surrounding six hexes, to reduce the perturbation on the rest
of the flattened zone. Figure 3-6.3b shows that inserting two full rods into
a single hex, and compensating with the surrounding six, leaves the flux out-
side this region practically unaffected.

" This reduces the problem in CP-6 of obtaining a flattened
zone to one of systematically removing local hot tubes with motions of the
surrounding rods with respect to their control gangs, as discussed in Sec-
tion 4-8.

4-6.3 Tilting and Petaling

The response of the flattened zone of ZPR-II to a large tilt-
ing moment has been investigated (Section 3-5.2). In this experiment, the
standard control configuration of essentially two full rods per hex was altered
by inserting a full rod in one hex (#6) and withdrawing a full rod from the dia-
metrically opposite hex (#3). The ratio of the average flux in the hottest hex
to that in the coldest was found to be about 1.2, practically independent of
height. Figure 4-6.32 shows how the flux varies along three different diame-
ters of the flattened zone, at several heights. If the flux distribution were
symmetrical about the 6-3 diameter, curves 7-4 and 5-2 would coincide.

That they do not may be due to the small and not completely explained tilt
that exists even with the standard flat zone control configuration.
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The increase in the ratio of maximum to average flux, caused
by the tilting, is shown in Table 4-6.3a. Here the maximumis that in the hot-
test Q-tube, not averaged over the hex.

Table 4-6.3a

CHANGE IN ¢, .. /6., CAUSED BY TILTING

Distance from <1J_max7¢_av -
bottom (in.) (1) Standard Tilted

33 1.06 114 |

58 1.06 1.12

84 1.07 1.14

(1) critical height, 106 inches

Accurate estimates of the amount of tilting to be expected
in CP-6 have not been made, as there has not appeared a simple, satisfactory
method for scaling the ZPR-II results. Howevew‘}j in order to get some idea
of how tilting is affected by size, several calculations were carried out for
infinite slab piles, in which perturbations approximating the ZPR-II case
were introduced. The three cases considered are shown in Figure 4-6.3b.
In each case, the bucklings in regions I and II in the flattened zone were re-
spectively decreased and increased by 1.00 x 10™ cm™. The buckling in -
the remainder of the flattened zone was adjusted to maintain criticalityf The
two analogs of CP-6 differ only in the separation of perturbed regions. The
width of the perturbed regions was taken as one-third the ZPR-II flattened
zone diameter, or 43.5 cm.

The results obtained are given in Table 4-6.3b. R, is defined
as the ratio of the average flux in region II to that in region I: R; is the ratio
of maximum to minimum flux in the flattened zone.

Table 4-6.3b

EFFECT OF SIZE ON TILTING A SLAB PILE -

Analog R, R,
ZPR-II 1.37 1.46
ch-é‘fg case 1 1.40 1.45
CP-6, case 2 2.94 3.13
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In discussing these figures, define the dipole strength as the
product of the AB? in one of the perturbed regions and the separation of the
two regions in lattice units (one unit is 43.5 cm). Then: (1) for a given di-
pole moment, increasing the height of the pile or the radius of the flattened
zone has little or no effect on the amount of tilt, and (2) for given pile di-
mensions, the quantity (R, - 1) is proportional to the dipole moment.

If these relationships are approximately valid for the finite, cy-
lindrical reactors, some estimates can be made of dipole perturbations in CP-6,
The 20% tilt in ZPR-II was produced by increasing B2about 1.60x1 (_)'4 in one hex
and decreasing it by about 0.95 x 10-* in the opposite hex., Assumiﬁg the cold
clean CP-6 lattice 1s flat with three full rods per hex, the same moment would
be produced by withdrawing about 1-1/2 rods and inserting I rod in opposite
hexes of the innermost ring. This would also cause a tilt of about 20%. Equal
and opposite rod motions of about one foot in the center ring of six control hexes /
would produce a tilt of about 2%. If the same perturbations occur at opposite -

edges of the flattened zone (5 lattice units separation), the tilt would be 10%.

-

Another perturbation of the flattened zone that was studied
(Section 3-5.3) consisted of alternately removing and inserting a full rod
around the ring of six hexes, giving a “petaled” rod configuration.
Table 4-6.3¢c shows how the ratio of maximum to average flux was changed
by this disturbance.

Table 4-6.3c

CHANGE IN ¢__ /¢ CAUSED BY PETALING

Distance from bottom ¢max/¢av
(in.) (1) Standard Petaled
33 1.06 1.07
58 1.06 1.09
84 1.07 1.085

(1) critical height, 104.5 inches.

The average flux in the hexes containing three rods was
about 6 - 7% less than that in their neighbors which contained only one rod.
The horizontal traverse through the moderator at the 55 inch level failed
to show any appreciable difference from the standard flat zone distribution.
The effect on flattening of perturbations of this type should be small in
CP-6.
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4-6.4 Control Rod Strength

The effect of varying the strength of the control rod was
determined in an experiment reported in Section 3-5. The flattened zone
control configuration consisted of a full rod, a half-rod, and less than half
of a second full rod per hex. In the central hex the 3-1/2% Li-Al full rod
was replaced with one containing 7% Li; this was compensated by moving
seven control rods out 4.5 inches each. The horizontal traveling flux
monitor passing within three inches of the S-tube.could not detect any flux
perturbation due to this change.

This experiment indicates that flux perturbations due to
random differences in control rod composition or in burnout will not be
serious. Also, the substitution of a cadmium rod for a lithium rod, should
this be necessary for mechanical reasons, would be possible, provided suf-
ficient cooling is available to take care of the increased gamma absorption.

4-6.5 Order of Control Rod Withdrawal

A perturbation that was considered was a change in the ori-
entation of the control rods in the S-tubes. A control rod withdrawal order
can be taken such that the rods remaining in the S-tubes are in positions
uniform in the x,y co-ordinate system, or such that they are symmetrical
with respect to the center of the reactor. The first method is the proposed
normal operating procedure but adds a slight asymmetry which might tilt
the flattened zone unless corrected by trimming. R

In the initial attainment of a flattened zone in ZPR-II (Sec-
tion 3-4), a flattened zone was obtained with the normal configuration which
was flat within the accuracy of the detecting devices with no trimming. In a
later experiment (Section 3-6.3) the control configuration was made sym-
metrical about the pile center. There was no detectable improvement in the
flattened zone, nor change in its size.

This experiment indicates that the amount of trimming re-

quired by this systematic asymmetry is small compared to random trim
requirements in CP-6.

4-7 Character of the Flattgne_:ﬁgﬂz'_gpe -

4-7.1 Size
A flattened zone was obtained in ZPR-II (Section 3-4) at a i
D,;0 level of 276.6 cm. Control rods were inserted in the central seven hexes
as follows: one full rod all the way in; one half-rod somewhat below the cen- _
ter with the bottom at 16.7 inches; and one full rod inserted from the top to ‘
65 inches. The control rod indexing is based on inches above the zero point
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of 1° from the average, due to these flux variations. L

at the tank bottom. Thus there was only about 3 inches overlap between
the top of the half-rod and the bottom of the partially inserted rod. The net
effect was approximately two full rods per hex.

The reactor now consists of three regions. In the flattened
region, B is zero. In the 1ntermed1ate region, consisting of twelve cells,
half of Wthh contain S-tubes, B? is taken as 5.74 x 10~%. In the buckled zone
B? is 5.31, From these data, assuming 6.0 cm reflector savings at each
tank boundary, and correcting for the 0.31 x 10~ AB? due to extraneous alu-
minum, the critical height is calculated to be 264 cm. The discrepancy in
critical height is not as great as might appear from these figures. Figure
3-4.4a shows how little difference to the over=-all flatness is made by rod
motions causing a difference in critical height of 5.3 inches or 13 cm. Thus
the experimental critical height at which the flattened zone is best obtained
is subject to a considerable doubt. The difference between the calculated
and experimental heights is equivalent to a 2% deviation from perfect flat-
tening,

Figure 4-7.1 shows the measured and calculated radial flux
distributions. The flattened zone appears larger as measured by the hori-
zontal traveling monitor than as measured by the squircle values.In general,
the flux in the Q-tubes follows the theoretical distribution very well, and the
radius of the flattened zone is within about 2 inches of the predicted value.

4-7,.2 Flatness

The data presented in Figure 4-7.1 and, more completely,
in Figures 3-4.5a, b, and ¢ indicate that the random differences in the re-
ported flux values for Q-tubes in the flattened zone may be as large as 10%,
although variations larger than 5% usually occur only at the edge of the flat-
tened zone where the effects of the intermediate zone appear.

The variation in the reported flux values is a combination of
true flux variations and variations in the individual measurements, discussed
in Section 3-4, resulting from the counting procedures.

How much of this random flux variation is real and how much
can be eliminated by testing of the metal from which the fuel slugs are made
is difficult to predict from this data. Probably the flattened zone in CP-6 can
be flattened until all Q-tubes have a flux averaged over their length within

, about 2- 1/2.% of the average for all Q-tubes in the flattened zone. This would

correspond to random variations in the coolant exit temperature of the order
i
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4-7.3 Boundary and Intermediate Zone Effects ) .

The data presented in Figure 4-7.1 and in Figures 3-4.5a, -
b, and c indicate that the Q-tubes on the boundary between the flattened and
intermediate zones which are adjacent to an empty control rod position may
have an average flux about 5% greater than the flattened zone average. This ‘
assumes that all control rods in the flattened zone are in identical positions,
and all control rods in the intermediate zone removed., This large increase
in the average flux can be reduced by trim adjustments in this boundary re-
gion,

This increase is apparently due to the mismatch in L? and -
P referred to as the two-group effect. Figure 4-4.1d illustrates how this
effect depends upon the amount of the mismatch. In this experiment, five
control rods were inserted into the upper half of the reactor in the flattened
zone, and there were no control rods in the lower half. Thus the flux tra-
verse in the lower half showed no effect, while the rise in flux at the bound-
ary in the upper half was about 20%.

In order to get an idea of the extent to which the flux hump
in the intermediate zone shown in Figure 4-4.1d can be explained as atwo-
group effect, two two-region problems were solved by both one- and two-
group methods for an infinite cylinder having the radius of ZPR-II; the two
regions in each case were (a) controlled zone surrounded by intermediate
zone, or (b) intermediate zone surrounded by buckled zone. Assuming it to
be unity at the center, the ratio of the two-group to the one-group flux could
then be obtained for various radii, and the calculated flux in Figure 4-4.14 -
(58.4 inches up) was corrected accordingly. Figure 4-7.3 shows the new
comparison between calculated and observed flux distribution. It is seen
that a two-group correction, applied in this manner, largely accounts for
the observed flux shape. What discrepancy remains may be due to the ap-
proximate nature of the correction.

A similar correction was applied to the vertical flux dis-
tribution (curve A in Figure 4-4.1c),by carrying out one- and two-group
calculations in infinite slab geometry, The position of the calculated curve
was shifted somewhat, but the fit to the experimental curve was not im-
proved; hence the differences here remain unexplained by this procedure.

4-7.4 Vertical Distribution

Figures 3-3.9a, 3-4.3, and 3-6.3¢c show typical vertical flux
distributions for normal ZPR-II operating conditions. These show that local
deviations, due to the proximity of control rod tips, for example, are quite
negligible. { Because of the limited height of ZPR-II, the vertical flux distri-

 bution does not deviate from a cosine curve as much as in CP-6. The verti- ‘
| cal flux distributions in CP-6 cannot be determined accurately from ZPR-II
data directly. [)( / /I
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Figures 4-4.1b and ¢ represent the maximum deviation in
ZPR-II produced by inserting five rods per hex halfway down into the re-
actor, leaving the bottom half uncontrolled. In this case the flux distribution
peak was shifted down to a position about 35% of the critical height above the
bottom. This shift in the flux peak extends all the way out into the buckled
zone. About halfway between the flattened zone and the edge of the reactor,
the peak is still only at 42% of the critical height.

In general, the flux distribution along the length of the Q-
tube follows such a smooth curve that the measurement of the temperature
at the bottom of the Q-tube should provide adequate assurance that there is
no portion of the tube which is unduly hot.

4-8 Hot Tube Correction

4-8.1 Degree of Correction Possible
The extent to which the flux in a given fuel tube can be de-
pressed by the addition of control rods to the adjacent control position is
shown in the following table, taken from Figures 3-3.8a, b, and c and 3-6.3b.

Table 4-8.1

HOT TUBE CORRECTION

Change in number of rods: Percentage decrease in:
from to average flux in rod | maximum flux in rod
1 2 (20)* (30)%*
2 3 10 15
3 4 4 6
4 5 2 1.5

* Estimated by extrapolation.

The figures given above refer to the fuel tube in the Q-tube
which is closest to the control position. The flux depressions averaged over
the whole Q-tube will be less.
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4-8.2 Effects of Correctionon the Operation of the Remainder of
the Reactor

The curves in Figures 3-3.8c and 3-6.3b, which represent
horizontal flux traverses in the moderator with one to five control rods in
the central hex, show that the effects of control rod changes in a single hex
damp out quickly outside that hex. Only in going from a single rod to two
full rods in the central hex is there a flux change of more than 2-3% in ad-
jacent hexes. Hence, a flux depression in a single hex of the order of 10-
15% can be produced and compensated for by motion of the surrounding six
control clusters, with negligible disturbance to the rest of the reactor.

4-9 Sensitivity of ZPR-II and CP-6 to Control Rod Perturbations

4-9.1 Sensitivity to Control Rod Motion and Strength

Table 4-9.1 gives the sensitivity of ZPR-II to a number of
random control rod perturbations in the flattened zone (Section 3-6). The
control configuration which was perturbed consisted of essentially two full
rods per hex (approximately 1-1/2 full rods plus a half-rod). Estimates
are given of the corresponding effects of the same perturbations on CP-6.

Table 4-9.1

SENSITIVITY OF REACTOR TO CONTROL ROD PERTURBATIONS

(1) ZPR-11 ZPR-11 CP-6

Perturbation AB2 . 106 (cm'2) ih ih
Seven rods raised from
65" to 70" 4.5 24 3.8(2)
One rod raised from
65" to 90" 2.5 14 2.2(2)
One full rod inserted
in central hex -7.6 43 -11.5(3
3-1/2Lirod replaced by
7% Li rod -3.9 21 - 5.6(3)
Half-rod inserted from
16.7" to 0.0" 1.4 8 1. 3(2)
Half-rod raised from
16.7" to 28.5" 0.29 2.5 0.4¢2)

(I)Distances measured from tank bottom. Half-rods are 51" long.
Critical height with standard control configuration, 109",

(2)As shown in Section 4-3.1, a full hex in the flattened zone
of ZPR-II has a statistical weight 3.76 times that in CP-6.
A small rod displacement in one hex of ZPR-II will be more
effective than the same disglacement in CP-6 by the ratio
of the core heights, or 1.67. Thus a small perturbation is
about 6.3 times more effective in ZPR.II than in CP-6

(3)Where the perturbation extends the full length of the hex in

both reactors, the factor 3.76 is used.

f 30
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One effect in the above table is that of varying the strength
of a control rod. It is seen that doubling the Li concentration in a single con-
trol rod would change the reactivity in CP-6 by about 6 ih. Furthermore, the
horizontal traveling flux monitor passing within three inches of the S-tube
could not detect any flux perturbation due to this change. We may therefore
conclude that flux perturbations in CP-6 due to random differences in control
rod composition or in burnout will not be serious.

4-9.2 Sensitivity of Half and Full Rod Insertions

Half-rods have been compared with full rods in a control con-
figuration different from that used above. Here the central hex was empty,
two full rods were present in hexes 2, 4, 5, and 7, and various numbers of
rods were simultaneously inserted in hexes 3 and 6. For two full rods in
each of these last two hexes, the flux would be essentially flat except for a
hump at the center. Table 4-9.2a gives the AB?’s observed for the pile and
estimates of the corresponding quantities in CP-6.

Table 4-9.2a

COMPARISON OF HALF-RODS AGAINST FULL RODS

* e

_ ZPR-11 i CP-6
. Perturbations AB® - 10° (cm?) [ AB? - 10° ih
) ¢ B 1 full rod added to one empty hex -16.5 jI -4.4 -24
. 2 full rods added to one empty hex -27.6 [ -7.4 -41
3 full rods added to one empty hex -33.8 g -9.0 -50
1 half-rod added to one empty hex -14.5 ! .3.4(1) -19
1 half-rod added to 1 full rod in one hex - 7.7 ; -1.8(D -10
1 half-rod added to 2 full rods in one hex -44 -1.0(D - 5.5
1 centered half-rod displaced 10",
in empty hex 0.73 0.12 0.7
1 centered half-rod displaced 10",
with 1 full rod in 0.34 0.055 0.3
1 centered half-rod displaced 10",
with 2 full rods in 0.22 0.035 0.2

» o Pann

\\ (I)For addition of half-rods, the statistical wt. of a hex in ZPR-II was taken as
\“ 4.2 times that in CP-6 . The other scaling factors are explained in Tab%g 4-9: 1.

- The ratios of the AB? values produced by inserting half-
rods or full rods give a direct measure of their relative effectiveness. In
calculating these ratios, we must allow for the fact that the length of the
half-rod was not exactly half the core height. Assuming a cosine flux dis-
g tribution, the statistical weight of the region covered by a “true” half-rod

-t

P
~ g

7 07 ’1:5_1 .



is 0.82; the correction factors applied to the half-rod AB*’s were there-
fore obtained by dividing 0.82 by the statistical weights of the regions actu-
ally occupied by the half-rods.

Table 4-9.2b

RELATIVE EFFECTIVENESS OF HALF -RODS

Ratio
AB? (half-rod in empty position)
5 0.84 t 0.06%
AB?® (full rod in empty position)
AB? (adding centered half-rod to 1 full rod)
.68 + 0.08%
AB? (adding full rod to 1 full rod) 0.68 1 0.08
AB? (adding centered half-rod to 2 full rods)
0.73 + 0.15%

AB? (adding full rod to 2 full rods)

*These deviations are based on an estimated error of 0.5 x 107%
in the ZPR-II AB? values listed in Table 4-9.2a.

The values of these ratios are uncertain by the change in
statistical weight of the hex when a half-rod is replaced by a full rod. It
seems reasonable to believe that such changes become smaller with in-
creasing number of rods; on this basis, the last two figures should be more
accurate, leading to the estimate that a centered half-rod is worth about
0.7 full rod, or about 15% less than its theoretical effectiveness.

ot




4-10 Detailed Flux Pattern Studies

4-10,1 Q-tube Orientation

In the flattened zone lattice, a given Q-tube can have one of
two different orientations, which may be described as follows: (1) a line
from the control position through the center of the Q-tube passes midway
between the fuel rods and does not pass through any of them, and (2) a line
from the control position through the center of the Q-tube passes through
two fuel rods, nearly on a diagonal,

In type (1) two of the rods are closer to the control position
than the other two, and were found to have an average flux and a surface
maximum flux about 5% greater than the more distant pair (Section 3-3.4).

In type (2) there is one rod closest to the control position, which has a higher
surface flux than any other rod in the unit cell. Again, however, the varia-
tions in average and maximum fluxes over the Q-tube are no more than about

5% .

These irregularities in the flux distribution in the Q-tubes
are caused by the high flux present in an empty control position of the flat-
tened zone lattice. |In CP~-6 the flattened zone will have control rods in these
positions, and only in the outermost control gang will this situation actually
be present. It appears that the effect of the asymmetrical Q-tube orientatica

in CP=-6 will not be important,
4-10.2 Control Rod Withdrawal Order

The control rods can be withdrawn from the control bundle
in a number of different ways, some of which will leave rods symmetrically
arranged in the S-tube, while others will leave them bunched on one side,
The flux distribution in the surrounding Q-tubes will be different in the two
cases., While no experiment was performed specially aimed at determining
this difference, some data were taken during the flux traverse of the central
hex (Section 3-3,6). Here three control rods, d, g, and e, were placed so that
the center of control was shifted towards Q-tubes 1D and 1lE, and away from
lA and 1B. The average flux in the moderator about 3/8 inch from the fuel
was about 2% greater near 1B than around the opposite lE tube, Farther
out in the moderator, the difference is 7 - 8% , so the difference in the fuel
is even less than the 2%.

From the above, the control rod withdrawal order is not
important from the standpoint of flux differences in adjacent fuel tubes, In
Section 4-6.5 it is shown that the withdrawal order is also unimportant in
obtaining an over-all flattened zone,

235,



236 .

4-10.3 Control Rod Tips

The flux distribution near a boundary between regions with
different L? values tends to peak, usually in the region of higher L2, This
has been noted in the horizontal flux distribution across the boundary of the
flattened zone in Section 4-7.3. In the vertical direction, this effect occurs
near the tips of partially inserted control rods (or half-rods). The experi-
mental data obtained in Section 3-3.9 indicate that the flux at the surface of
a Q-tube rises to a peak 9% above the cosine curve in passing from a 2 con~
trol rod region to a 1 rod region, The peak is 13% above the cosine in going
from a 3 rod to a 1 rod zone. In the later instance, staggering the two half-
rods to give a six-inch separation of the tips reduced the peak to 10%, or
about that due to a single half~-rod. These measurements of the amount of
peaking may be off by as much as 15% due to the difficulty of positioning
pins accurately in a region of high flux gradient.

The flux in the squircles is much less affected, showing only
a moderate flattening, but no peak, near the control tips. The average flux
in the fuel, therefore, will only be peaked some moderate amount,

These data indicate that these flux peaks will not be impor-
tant in the average fuel power unless the tips of the control rods coincide
with the region of maximum flux, as may be the case at the top of the half-
srods. This case should be checked by further experiment, preferably in a
reactor such as the Savannah River PDP reactor which has the full core
height and the CP-6 vertical flux distribution. .

4-10.4 Q-tube Displacement

During the cell traverse of the buckled zone lattice (Section
3-3.5), Q~tube lF was deliberately tilted SW on a line perpendicular to the
I-beam axis, so that the displacement was 0.55 inch at the level where the
traverses were taken., The resulting flux change in fuel tube 1A-4 was
barely outside experimental error, but seemed to increase uniformly about
3 - 4%, Thus small errors in the positioning (or bowing) of the Q-tubes in
tthe CP-6 lattice will not cause serious changes in the flux distribution.

4-10.5 Wilkins Effect

The Wilkins effect is the rise in flux at the end of the fuel
slugs caused by the aluminum can ends which separate the uranium pieces.
Figures 4-10.5a and b (from data of Section 3-8.3) show how the ratio of
the flux at the end to that at the center of the slug varies with the separa- -
tion between the slug ends, Some data of Hyde and Pellarin (ANL-4800), .
taken in CP-2, are included in Figure 4-10.3a, These points are not strictly
comparable to the ZPR-II results because (1) they refer to thermal rather
than uranium fission flux, and (2) their slugs were 1,25 inch between centers
in the Q-tube rather than the 1.38 inch in ZPR-II iand CP-6 (fixed after the

- »
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. Hyde and Pellarin experiment), If the Hyde and Pellarin experiment had
used uranium fission detectors instead of thermal flux detectors, thé ratio
of the end to center flux would be less, and the agreement with the squircle
and axis curves of Figure 4-10.5a would be better, and with the outside
curve, worse,

. The following observations can be made:

(1) With unstaggered slugs, the Wilkins effect is greatest
on the squircle side of the slug, and least on the outside., For 0.37 inch
spacers, the ratio of outside to squircle side flux is 6% less at the ends of
the slugs than at the center,

(2) With staggered slugs, the Wilkins effect is reduced,
and tends to become equal on opposite sides of the slug,

(3) With staggered slugs, the Wilkins effect is reduced
s by 3 - 5% at the edges of the slug but is increased by about 9% along the
axis for 0,37 inch spacers. For larger spacers, the effect is noticeably

' decreased.

(4) Staggering produces ripples in the axial flux distribu-
c tion throughout a slug, with flux peaks of about 5% appearing at positions
corresponding to the ends of the neighboring slugs.

Calculations of the temperature distribution resulting from
- these flux distributions have not been made,

Staggering the fuel slugs when there is only about 0.37 inch
of aluminum separating the slugs is not advisable, since the decrease in
Wilkins effect at the ends is inappreciable, while flux peaks are introduced
in the center of the slug. Additional heat transfer through the aluminum can
ends will reduce or even eliminate any temperature rise at the slug ends
due to the Wilkins effect.

4-11 CP=6 Safety Rod Effectiveness

In CP=-6, the safety rods are 0.81 inch solid cadmium rods. There
- are 31 such rods placed at the centers of triangles formed by three control
positions throughout the flattened zone, or about one safety rod for every
,, control hex,

The change in critical height caused by the introduction of a reason-
able facsimile of a CP-6 safety rod into ZPR~-II has been measured. From
these data, an estimate can be made of the AB? to be expected in CP-6 for
the addition of various numbers of safety rods,
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The experimental procedure and data are given in Section 3-11,1,
ZPR-II hollow cadmium control rods, 0.9 inch in diameter, were placed at
the centers of triangles formed by three control positions. These locations
are designated by the numbers of the three nearest control positions, e.g.
(1,2,3). A diagram of the lattice giving the numbering system is shown in
Figure 2-2,le, There was a full control rod and a half-rod in each control
position to approximate a flattened zone,

For purposes of calculation, the reactor was divided into three
regions; the first consisting of the central seven hexes; the second consisting
of the intermediate zone of the next ring of 12 hexes, witha B? of 500 x 10~% cm™
(lower than the F.Z. B? since all the safety thimbles are in this zone); and the
third being the outer buckled zone, with a B? of 531 x 107%, The axial buckling
was determined from the critical height, adding 12.0 c¢cm for reflector savings.
On this basis, the B? of the central zone and the flux equations in each zone
were determined, using a one-group calculation,

In calculating the statistical weights, the central region was next
divided into two parts, of which one was the hexes immediately surrounding
each safety rod. For example, with 1 rod in, zone 1 consisted of hexes 1,

2, and 3; and zone 2 of hexes 4, 5, and 6. Zone 3 was the intermediate ring
of 12 hexes, and zone 4 the buckled zone, With this notation, we obtain (Bﬁ) ’,
the buckling in zone 1 with the safety rod in, from the equation:

ABYi1e = (BY) "W { = B{w, + BiAw, + 500Aw; + 5314w,

where the w’s are the statistical weights of the various zones, Wy, the _
statistical weight of zone 1 with the safety rods in, was calculated on the
assumption that the same flux equation held over both zones 1 and 2, which

of course is not exact, Table 4-11la lists the results obtained,

Table 4~-11a

CP-6 TYPE SAFETY RODS IN ZPR~-II

Condition Critical height Bi(cm™ x 10%) | B2 | AB? |Ratio*
(cm)
No rods 251.4 143 182 -- 0 .
1 rod at 1,2,3 264.0 130 66| -116| 1/3
1 rod each at 1,2,3 -
and 1,2,7 277.6 118 17| -165| 1/2

*This is the number of safety rods per control hex in zone 1.




The figilres for BZ listed in Table 4-11a show that the effect on
ZPR-II of two rods is just about double that for one rod, or the effects are
nearly additive, Figure 4-11 plots B%, the buckling of the flattened zone with
the safety rods in, as a function of the ratio of the number of safety rods per
control hex in order to extrapolate to the case of one safety rod per hex
which will exist in the flattened zone of CP-6. This case gives a B} of about
-280 x 107 cm™?,

In CP-6, the safety rods will be somewhat less effective because of
their smaller diameter. We assume that the effectiveness is proportional
to the circumference, which means that the AB? in the flattened zone of CP-6
will be reduced by about 10%. Table 4~11b lists these values, together with
the estimated AK/K in the controlled zone only of CP-6 and the AK/K for the
reactor as a whole, assuming a controlled zone statistical weight of 0.62

(Table 4~3.1).

Table 4-11b

[P i

ESTIMATED SAFETY ROD EFFECTIVENESS IN CP-6

Safeties per control hex Flattened zone | Flattened zone | Reactor
P AB? % AK/K %K /K

1/3 -100 -2.0 -1.2

1/2 -150 -3.0 -1.9

1 ~250 -5.0 -3.1

4-12 ZPR-II Safety Rod Effectiveness

The ZPR-I1I safety rods consist of thin blades of cadmium, 5 inches
wide, suspended in pairs in positions shown in Figure 2-2.le. A series of
critical height measurements were made to determine the effectiveness of
these rods, The results are given in Table 4~12a.

It was found that all six A rods alone, or four pairs of safety rods,
would make the reactor subcritical at the full water height.

Table 4-12b gives the relative effectiveness of combinations of the
rods inferred fromTable 4-12a,
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Table 4-12a

ZPR-1I1 SAFETY ROD EFFECTIVENESS

Rods AB? x 10° AB?/S.W *
(1) Buckled Pile
2A 23.9 43.8
2B 18.3 48.5
2A, B 32.7 70.9
4A 24.5 46.9
4B 13.4 53.4
4A, B 31.6 82.9
5A 29.4 47.0
5B 14.0 55.8
5A, B 37.3 86.7
2A, B, 5A, B, 84.4
2A,B,4A,B,5A, B 123.9
All six B rods 119.8
(2) Partially Flattened Pile (1 Control Rod per Hex)
2A 24.1
2B 20.6
5B 17.8

*S. W. is the statistical weight of the position computed
for the J, curve only and does not take into account the

position of the rod in the cell.

Table 4-12b

RELATIVE EFFECTIVENESS OF ZPR-II SAFETY RODS

Ratio 5A,B together to 5A plus
Ratio 2A to 2B
Ratio 4A to 4B
Ratio 5A to 5B

Ratio 2A,B together to 2A plus 2B
Ratio 4A,B together to 4A plus 4B

5B

Ratio 2A to 2B corrected for Jy statistical weight
Ratio 4A to 4B corrected for J, statistical weight
Ratio 5A to 5B corrected for J, statistical weight
Ratio 2A,B,5A,B,to (2A,B) plus (5A,B)

Ratio 2A,B,5A,B,to 2A plus 2B plus 5A plus 5B
Ratio 2A,B, 4A,B,5A,B, to 2AB plus 4A,B plus 5A,B
Ratio 2A,B, 4A,B, 5A,B,to all six singly

0.77
0.83
0.84
1.31
1.83
2.10
0.90
0.88
0.84
1.21
0.99
1,22
1.00




The two previous tables together with Figure 2-2.le show that the
safety rods behave about as would be expected. The rods 2AB are quite
close together, and hence, the two together are less effective than the other
pairs which are further apart. There is considerable variation in individual
rod effectiveness, but this is due mostly to the distance of the rod from the
center of the reactor, After correcting for this distance, the A rods (near
fuel elements) are about 12% less effective than B rods (near empty control
positions),

Two pairs of rods are more effective than the sum of the single
pairs, since the presence of one pair increases the statistical weight of the
position into which the second pair is placed. Two or three pairs together
have an effectiveness equal to that of the four or six individual rods, the
effect of shadowing within a pair being compensated by increased statistical
weight for the additional pairs,

In a partially flattened reactor, the A rods change little, since the
statistical weight remains about the same, but the B rods further out are in
a region of relatively higher flux and gain effectiveness.

The average AB? for a single A rod at the center from Table 4-12a
is about 46 x 107%, Using a central hex statistical weight of 0.0857 (Section
4-3,1), this corresponds to a AB? in the central hex alone of 540 x 1076 cm ™2,
For the B rods, closer to the control position, the numbers are about 53 and
620 x 107®, These can be compared with the exponential results (Sect, 4~15)
for 3-1/2% Li-Al control rods of 499 x 1076 for three rods, 596 x 107 for
four rods, and 732 x 107¢ for five rods. Thus an A safety blade is worth
about 3-1/2 control rods, and a B blade about 4. Four control rods have a
“tape measure” distance (periphery as measured by the length of a tape
measure wrapped around) of about 8,0 inches. The 5 inch blades would have
a distance of about 10 inches. Taking into account the fact that the control
rods are at hex centers, and the safety blades are not, the “tape measure”
distance gives a good measure of the blade effectiveness in these cases.
The six “B” rods together have a AB? for the reactor of 119.8 x 107%, and
are in hexes with total statistical weight of a little less than 0.2 (Section
4-3.1), This corresponds to a total effectiveness of a little over 600 x 1078,
in agreement with the results for single B rods above,

4-13 Depleted Uranium Study

4-13.1 Buckling

Some properties of a buckled zone lattice arrangement using
depleted uranium were determined (Section 3-9). The experiment consisted
of loading the central hex (seven Q-tubes) with depleted fuel containing
0.491 wt. % uranium=-235 and measuring the critical height and flux distri-
bution,
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The critical height with seven depleted Q~tubes was not
measured directly, but other data on the critical control positions lead to
an estimate of this height to be 74.4 inches. Solving the four-region prob-
lem, with B? taken as 549 x 107% in the next ring of six hexes, 500 x 107%
in the next ring of twelve, and 531 x 107® in the buckled zone, the buckling
for the depleted fuel B.Z, loading was found to be -240 x 107% cm"2,

The critical height of the depleted uranium in a F,Z. load-
ing (six Q-tubes with the control position empty) was measured, and gave a
B? value of =122 x 10~ cm™2,

4-13.2 Disadvantage Factors and L?

The lattice constants from the detailed cell traverse of the -
depleted uranium B.Z, loading are presented in the following table.

Table 4-13.,2

DISADVANTAGE FACTORS AND L?
FOR DEPLETED U LATTICE

dy 0.56 .
dmod 1.0 -
s8¥  cm-i 0.0114 Y
L%, cm? 79 “

The numbers were computed as in Sections 3-3 and 4-2.2.
A correction was made for the fast fission effect estimated. Since cadmium
ratios were not taken with this lattice, a correction for other epi-cadmium
fissions was not made (this correction was small in the natural uranium
lattices).

4-13.3 Multiplication Constant

Using the three-group formulation (Section 4-2.3) the above
values of L? and B? lead to a value of the infinite multiplication constant of
0.952 in the buckled zone loading.

This may be compared with the value of K calculated from . .
the four factor formula. Using the cross sections in Section 4-2.9,7n is 1.136. _
The cell traverse data give f = 0.9626, using the values of the natural urani- -
um lattice for € and p of 1.018 and 0.85, respectively, K = 0.947, in good

agreement. - .
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4-14 Neutron Spectrum

4~14.1 Cadmium Ratio for Indium Foils

The cadmium ratio, R, for the indium foils was measured
for both the flattened zone and the buckled zone lattices (Section 3-~2.6).
These measurements gave values of 5.51 and 4.80 respectively, They were
made at the foil holder positions, directly between two Q-tubes where for the
F.Z. lattice the flux is 1,13 times the average value in the cell, and for the
B.Z. lattice it is 1,22 times the average. R - 1 is the ratio of thermal acti-
vations to epi-cadmium activations (actually R - 1,07 is used to take account
of the fact that Cd is not completely transparent to epi-cadmium neutrons).
Since the principle epi-cadmium activation is due to the indium resonance
at 1.5 ev, below the uranium resonances, the epi-cadmium activation is a
good measure of the rate of production of thermal neutrons due to slowing
down by the moderator. Thus the ratio of R - 1 values is the inverse ratio
of the thermal lifetimes or the direct ratio of the L? values. For the pre-
sent case:

Ry 7, - 1.07) i} (5.51 = 1.07) (1.22) _

1.29

(Rg 5 - 1.07)  (4.80 - 1.07) (1.13)
and:
L2 92
T2 = =131
Ly.z, 10

The agreement is well within experimental error,
4-14,2 Cadmium Ratio for Uranium Pins

The activations of cadmium-covered uranium pins are given
in Figures 3-3.6b and 3-3.6d for the flattened zone lattice with some control
rods. The cadmium ratio is about 8 in the fuel and about 25 in the moderator.
The division of the epi-cadmium fissions into fast and resonance or l/E
fissions is discussed in more detail in Section 4-2.6.

4-15 Exponential Results Chart

The following chart gives the results of the exponential experiments
made to determine the lattice configuration. Only the ZPR-II type lattice
results are given.

.
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Exponential Experiments with 7-inch Hexagonal Lattices and Fuel

Table 4-15

Rods in Quatrefoils: Results of Measurements with the l-inch Slugs,

Configuration B% x 10 | No. of runs L? k k/(k)o
Flat zone(l) 575 13 100(6)| 1.137
Buck(l d zone 555 9 79(6) | 1.113
1 Thi% 400 3 94 1.091 | 0.0403
2 Th 292 3 90.5 | 1,065 0.0635
3 Th 218 3 88 1.048 0.0787
4 Th 123 3 86 1.0265 | 0.0973
5 Th 22 3 84 1,005 0.1166
5Th & 1 Cd -190 3 83 0.961 0.1552
5 Th & 2 Cd -344 3 82 0.936 | 0.1767
1 Li-Al 3 3 91.3 | 1.074 0.0553
3 Li-Al 76 3 85 1.016 0.1064
4 Li-Al -21 3 84 0.996 | 0.1243
5 Li-Al -157 3 83 0.9675 | 0.1492
5 Li-Al& 1 Cd -294 3 82.5 | 0.940 | 0.1735
5 Li-Al& 2 Cd -424 3 82 0.914 | 0.1959
1/4 in, st. steel(3) 550 3
3/8 in, st, steel 465 3
7/16 in. st. steel 432 3
I/Z in, st, steel 386 3
7/16 in. 4% Pb-Hg 347 3
7/16 in. 10% Pb-Hg 179 3
3/8 in. 4% Pb-Hg 404 3
3/8 in.lg% Pb-Hg 266 3
Pb-Hg(4) -9926 5 101
Pb-Hg & 1 Th -10780 1 93
Pb-Hg & 2 Th -11020 1 91
Pb-Hg & 4 Th -11280 1 89
Pb-Hg & 5 Th ~11950 1 84
Pb-Hg & 5 Th & 1 Cd | -11860 1 84
Pb-Hg & 5 Th & 2 Cd | -12160 1 82
Depleted U(5) -160 5
D,0O only -158 6

(I)Empty S-tubes present in control positions

(2)Number of control rods present in each control position

(3)One poison rod present in the center of each Q-tube in the flat zone lattice
(4)Fuel rods replaced by 1 in, diameter Pb~-Hg rods in the flat zone lattice
(5)Fuel rods replaced by depleted U (0.491% U?3%) in the flat zone lattice
(6)Unpublished theoretical result of R, Haefner
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A APPENDIX

A-]1 General Operational Procedures

j

A-1.1 Initial Start-up

The neutron and gamma instrumentation was checked prior
to assembly of the core by service tests utilizing ZPR-I for a source. After
operational checks of the piping system, valving, and water level controls
were made with light water, the reactor system was tested for air leaks with
a conventional Freon leak detector. The operation of safety circuits was
verified with a portable Ra-Be source used to simulate a trip signal.

The alloy for the lithium control rods was tested by the
neutron analyzer method. Before assembly of the fuel elements, the urani-
um metal was checked for uniformity by danger coefficient tests made on
12 samples from each billet. v

For the first approach to criticality, a 40-curie Po-Be
source located at the outside surface of the reactor tank provided instru-
ment background prior to the addition of heavy water to the tank. As water
was added to the assembly, reciprocal counts were taken with three pro- .
portional’counters in order to predict the critical water height. In addition,
calculations for the critical height based on exponential data were available %
for the first lattice configuration.

A-1.2 Operational Procedure and Check List 2

The following rules were adopted for all experiments con~ “
ducted with the critical assembly:

1. Personnel Requirements

The assembly must be under the active control of two
experienced operators from the list posted in the control room. If it is
desirable to leave moderator in the reactor between experiments, one oper-
ator must remain in the control room. One of the two operators will act as
chief operator with the responsibility for planning, writing a detailed pro~
cedure, and executing the experiment, Name plates designating the chief .
operator will be posted at the control panel and the assembly room door.

2. Prior to Start-up

A step-by-step procedure to be followed during the
experiment is written by the chief operator and studied by all members of
the operating crew. Noted in the write-up are any core differences between
this and the previous experiment with estimates for the reactivity differences
involved in the change. Also to be included in the written procedure are the

[ ) T
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following: 1) the expected critical height or control rod configuration,

2) the values in d(ih)/dhfor various D,O and control rod increments per-
tinent to the core configuration, 3) the amount of negative reactivity
available to compensate for possible errors in the prediction of the critical

conditions.

3. Start-up Procedure

A.

Control Room

Turn on power to audio flux monitor, scalers,
recorders, intercoms, D,O probe, and leak
detectors.

Zero instruments and reset trip circuits.

Set water level probe at bottom stop and en-
gage float safety.

Set air supply pressure at 25 pounds and close
D,0 inlet valves.

Check for D, in reactor with deoxo gas ana-
lyzer (should be less than 0.2%).

Reactor Room

Sample for D, gas in reactor system with MSA
probe: check probe with acetone.

Evacuate and sample gas from finned tube
headers (once a week only).

Check for obstructions about control rod cables
and drive units, dump valve, and safety rods.
Control power for overhead crane should be
locked off.

Close 1" drain line from reactor tank, and open
1" line to water level sight glass.

Check for evidence of leaks around tank and
Piping.

Examine reactor top for leakage of light water
from ceiling or oil from the overhead crane.

Short input to D,O leak detectors to check
alarm circuits.
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h. Turn on reactor room intercom.
C. Storage Tank Pit

a. Drain sight glass on circulating pump seal and
store effluent in D,O container.

b. Open the intake valve to the circulating pump,
and the equalizing valves between the storage
tanks.

c. Check for leakage in storage pit - both D,O

d H,O.
an 2 3
d. Gauge and sample storage tanks once a week. o
e. Check D,0 leak detector warning lights (should .
be green). :
D. West Assembly Area
a. Check indicating Drierite windows on vent re- “
covery system (should be blue). )
>
b. If necessary defrost and drain refrigerator
coils. The continuous dew point recorder -
should read 10°F. p
c. Remove padlock from power control box and .
start DO circulation pump. Simultaneously,
it will be necessary to have two persons in the
control room holding the override buttons.
’
d. Adjust ion exchange system by-pass flow rate
to 5 GPM. Check inlet and discharge resistivity.
e. Release overrides to check pump cutoff while the
assembly room door is open. -
E. Trip Circuit and Interlock Test *
a. Verify operation of neutron level instruments ‘J

through first three decades with the portable
Ra-Be source.

b. Individually check each of the four trip circuits
by observing safety rod fall when a trip is simu-~
lated with the portable neutron source.

~
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Check release of the dump valve with an instru-
ment trip while the west assembly room door is

open.

261

Check operation of water level probe by observing
dump valve release when the assembly room door
is opened. The probe stand-by switch must first

be turned on to simulate a water level in the re-

actor tank.

Before Each Run

Post radiation signs and remove all personnel

a.
from loft, storage pit, reactor room, and as-
sembly room.

b. Close dump valve.

c. Inspect reactor tank for nonessential openings.

d. Make all necessary adjustments on the manual
control rod drives.

e. Close door to west assembly room. Check
visible and audible alarms when door closes.
Check reactor room exhaust fan cutoff when
door closes.

Operation

a. Cock safety rods.

b. Open sight-glass inlet and purge valves.

c. Set instruments on the most sensitive scale.

d. Start D,O pump. Water should reach control
float within four minutes. If it does not, check
for the following: 1) pump air lock, 2) leak
in system, or 3) defective float control.

e. Close air purge valve when the water level
reaches 30".

f. Compare sight-glass reading with value in-

dicated by the water level probe.
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g. Check visible alarm when water level reaches
door interlock water probe. If red light fails to
appear, turn keyed switch off and remove key.
Water will then dump from any level when the
assembly room door is opened.

h. Critical operation with water level or control
rods. -

H. Shutdown -

a. Turn pump off and drop safety rods by pairs.

b. Lower water to 30" through by-pass valve be- L
fore dumping. ~.
c. Check gamma level meter before entering as- [}
sembly room. ) -

d. Lock circulating pump master switch. Key to
be kept in file safe.

e. Open residual drain line to reactor tank and
close pump intake valve.

]

)

f. Close storage tank outlet valves. ~ )

g. Turn off air supply to control valves, power to 4

instruments, and lock control power key in file
safe.

h. Remove radiation warning signs.

A-1.3 Routine D,0O Measurements

Weekly checks are made to determine the amount of D,O in
the storage tanks. The pipe connecting the tanks is opened before the height
is measured, allowing the water to reach equilibrium. A depth micrometer -
with an electronic probe in its lower end, which is sensitive to 15 megohms,
is inserted; from this, the upper and lower limits of contact are established. -
From the geometry of the tanks and the temperature, the amount of D;O is
then determined. {

A-1.4 D,0 Composition and Purity

Isotopic Purity: Prior to filling the system with D,0, it was
filled with light water, checked for leaks, drained and dried, and given a Freon
leak detector test. There were no signs of leaks either with the light water or
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the Freon. The isotopic purity of the D,O when the reactor first was operated
was 99.89 mole % D,0. Since then, the isotopic purity has been checked with
a mass spectrometer every ten days, on the average. See Figure A-1.4 for a
purity vs. time graph. Note the marked drop in purity at 15 days and 100 days
on the graph. The 15-day mark corresponds to over 3-1/2 tons of 99.75 mole
% D,0O being added to the initial amount. The 100-day mark corresponds to a
major lattice change in which the tank was partially open for over 15 hours
while the fuel pattern was being changed, fixed monitors were being installed,
and additional control towers were being set. The latter drop was mainly

due to the absorption of light water while the tank was open. The isotopic
purity of the D,0O in this system seems to drop about 0.077% per year of oper-
ation.

A-1.5 Ionic Purity

The ionic purity of the D,O is kept high, corresponding to
about a one megohm resistivity, by ceramic filters and a resin bed ion-
exchange column. Checksare made twice weekly to determine the input
ionic purity to the ion-exchange column, and the output ionic purity. These
resistivity measurements are made with a calibrated variable resistance
bridge, one part of which is the D,O resistance, and a “magic eye” which
shows the null point, indicating balance on the bridge.

A-1.6 Decomposition

It has been found, by means of a M.S.A. explosimeter, that
large concentrations of D, and H, were built up in the finned tubes of ZPR-II.
This concentration ran as high as 20% by volume in some tubes, exceeding
the explosive concentration limit. The gas in the tank proper, however, gave
little indication of an explosive mixture. The probable origin of these gases
is the electrolytic action of D,0O and uranium, resulting in D,, and the residual
acetone used in cleaning the finned tubes prior to installation, resulting in H,.
'The hydrogen mixture found contained 75% D, and 25% H,.

A-2 THealth Physics

Health Physics Instrumentation and Tolerances: The gamma level
near the tank may be measured, from 1 mr to 10 r, by a health survey meter.
In this circuit, an ionization chamber, which is located on the side of the re-
actor tank, feeds a conventional D.C.amplifier which drives a microammeter.
This circuit is calibrated to read the gamma flux from 1 to 10,000 mr. Porta-
ble alpha-beta-gamma counters are also available. If test material is to be
taken from the reactor shortly after a run, the gamma level is checked before
entering the reactor room by the health survey meter, and the gamma level
in the unloading area is checked with a portable counting rate meter. Pocket
dosimeters and film badges are worn by all personnel, so that the accumulation
of radiation by each person can be determined.
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Flux Levels in the Control Reactor Room:

proper, i.e., near the control console with ZPR-II at its highest normal
operating power, the flux level is below neutron and gamma tolerance. Near
the door to the west assembly room,however, the flux level is high at normal
Table A-2 shows these levels in terms of the 8 hour day

operating powers.
tolerance (T).

Table A-2

'b

Firri

FLUX LEVELS IN THE CONTROL ROOM

In the control room

Control Room

West Assembly Door

fast neutrons
slow neutrons

gamma

1/3 T
T
T

10T
T
T

The flux level near the reactor, after shutdown, can only be given generally
Ten minutes after a 20-minute,

since it depends upon the preceding run.

80-watt run, the gamma flux is about 10T. This level decreases to tolerance

after about 2 hours.
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