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ABSTRACT

This report is veolume four of a set coveri% critical experiments
performed on a large cavity-reactor system at the National Reactor Test-

ing Station. This volume contains experiments which evaluate the effects

of fuel wave formations on the outer boundary of the active core as a function
of wave size and axial position. Also included are effects of rounding off _
the core at the ends and evaluation of reactor control methods such as a
poison sleeve and rotating runs.
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1.0 SUMMARY

In the actual coaxial ﬂovnng gas system of the cavity reactor con-
cept, mixing of the fuel and propellant and distortions of the flow patterns
will occur inside the cavity. Scale model flow tests conducted at other
installations have provided information on the extent that these disturbances
perturb ideal smooth boundry between core and propellant. The major type
of disturbances are herein called "waves, " in which an undulation develops
in the outer fuel boundary and moves through the cavity and out the exhaust
nozzle. These ''waves' have been simulated in the critical experiment with-
in a 183 cm diameter by 122 cm long cavity. Of principal interest was the
reactivity worth of the waves withi respect to & smooth.core boundary that
was 122 cm in diameter. Two major wave configuratiéns and two basic
wave amplitudes were con51dered The nominal maximum reactivity worths

are listed below. -

a. Wave crest develops, giving a net fuel addition to the reactor
) 7.3 cm crest height ) + 0.7%Ak
ii) 22 cm crest height + 6%Ak
. b.  Wave crest and trough develops, with no net fuel addition

to the reactor

i) 7.3 cm amplitude + 0.3%Ak
ii) - 22 cm arnplitude - R CF 2.8%Ak

The data show that as the wave progresses down the length of the core the
worth of the fuel in the wave does not substantially vary.

In addition to the occurrence of waves, the flowing fuel shape in
practlce will not be the uniform cylinder that has generally been simulated
in the critical experiments {(so as to simplify the nuclear model used in
reactor physics calculations), The sharp "corners' will be gone, result-
ing in a "tear drop" shaped fuel boundary. The measured reactivity
penalty for the loss of the "corners' was 5 5%Ak, with 70% of this loss
occurring at the heavily fueled inlet end.* Also, displacement of the fuel
away from the end wall of the cavity will be r’equire(i in practice so that
the wall will not contact the extremely high temperature fuel. A 7.5 cm
gpace between the end wall and the core created an additional 2.8%Ak
reactivity penalty.®

The "waves' represent potentially rapid reactivity fluctuations
that could occur during flowing gas operation. The control system used to
date in the critical experiment has consisted of twenty to thirty 1.7 cm
diameter boron carbide control rods in one of the end reflectors. These
have generally provided control worths of 4 to 6%Ak. Two other control
schemes were evaluated. One of these was a cadmium sleeve to be moved
longitudinally so as to encircle the core radially; the other scheme con-~
sisted of rotating control drurms in the reflector. A complete control
system of either type would incorporate at least.10%Ak in reactivity, thus
providing more than adequate shutdown margin for any unexpected per-
turbations occurring in the cavity,

% The fuel density in the remainder of the core was unchanged, resulting
in a net reduction in total fuel loading.
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2.0 INTRODUCTION

This-report contains the experimental results from a series of
critical experiments which have been conducted on the Cavity Reactor by
the General Electric Company at.the Idaho Test Station for the Space
Nuclear Propulsion Office of NASA and the AEC. This report covers an
operating period from May 1968, through December.1968..

Previous critical experiments on a large cavity reactor configu-
ration (183 cm diameter by 122 cm long cavity) have studied the critical
mass requirements, power and flux distributions, and structural material

“effects on reactivity a): (2): (3). These configurations have generally
been of a shape that can-be conveniently described by simple two dimen-
sional cylindrical nuclear models (and even by one dimensional spherical
models) for the purpose of performing reactor physics calculations.
However, the smooth boundaries that have been depicted for the core in
the previous experiments will not occur in actual operation of the coaxial
flowing gas system. Scale model tests using flow gases (5); (6} have
shown what distortions ars to be expected in the core-coolant flow
boundary. These distortions, nominally labeled as waves, were simulated
in the critical experiment.

Sheet fuel approximately 7.3 cm x 7.3 cm by 0,0025 cm thick
was used in all the experiments. The fuel element boxes had a square
cross section to accommoeodate the fuel, and all core shapes were created
with these square boxes. Various sizes and wave shapes were measured
on different core configurations including both uniform core and core with
variable fuel density and variable non-cylindrical shapes. The fuel wave
experiments were designed to obtain the data needed tc predict reactivity
fluctuations during operation and hence reactor control requirements as
waves are formed along the boundary between the active core and the
coolant. In all cases the formation of waves along the active core boundary
result in a positive change in reactivity. The larger the wave the larger
the reactivity increase; however, the magnitude of reactivity increase in
the extreme cases appears to be well within the ability to design an adequate
control system.

Under power operation, the coaxial flow cavity reactor will not
have the sharp boundary at the ends of the reactor that have existed on the
critical experiment configurations. Therefore, measurements were made
to determine the reactivity penalty of rounding off the ends of the active
core. In addition, the core was shortened, at what would correspond to
the entrance end, 7.3 cm {(one stage of fuel) and the reactivity loss was
measured. -

The control system used for the critical experiments has con-
sisted of numerous small diameter boron carbide rods positicned in the
end reflector. Other means of reactor control were evaluated such as
rotating drums in the radial reflector and a poison sleeve inserted around
the cavity from within the end reflector. These measurements were per-
formed using a sheet of cadmium. The cadmium sheet used represented
only a very small fraction of the complete control system design. Measure-
ments were made to detexrmine the linearity of the effects with cadmium
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sheet size so that a somewhat reliable extrapolation could be made to
the complete control system worth.

Though the results in this report are given in terms of reactivity
(change in multiplication factor), one should be cautioned about the inter-
pretation and usefulness of large reactivity values. All of the reported
measured results are essentially extrapolations of small reactivity values
determined by period measurements. The inevitable uncertainty of inter-
action effects, non-linearities of extrapolations, and major flux distribu-~
tion changes will-be involved. However, -despite these ''experimental
uncertainties,' the relationship to the design and operation of the cavity
reactor system is of principal concern. Here, it is the fuel loading,
which is a major operational variable, that should be related to the
reactivity values reported from these experiments. The final section
on conclusions and recommendations attempts to show these relation-
ships by drawing on the information in Reference 1, 2, and 3. -
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3.0 DESCRIPTION OF TEST ASSEMBLY AND TEST PROCEDURES

3.1 Reactor Description

The overall reactor assembly used for the experiments reported
herein was the same as used on earlier cavity reactor critical experi-
ments performed by the General Electric Company. References 1, 2, and
3 contain descriptions of the reactor as well as details of the previous
experiments and test results. The cavity region of the reactor was 121.9
cm long by 182.9 cm in diameter and was surrounded by 88.9 cm of D,O.
The D,O contained 0.22 mole percent H,O and served as both a moderator
and re%lector. The total overall reactor assembly was a right cylinder
365.8 cm (12 ft) in diameter by 304.8 cm (10 ft) long. The D,O was con-
tained in two tanks, a fixed tank and a movable tank. The movable tank
was mounted on a four-wheel dolly and could be separated from the fixed
tank by 132 cm to provide access to the cavity region. The movable tank
served as one of the end reflectors while the fixed tank contained the
cavity region. Both tanks were made of type 6061 aluminum.

The control system was contained in the end reflector region of
the fixed tank as shown in Figure 3.1. Stainless steel clad boron carbide
rods were used for control and these rods were attached to actuators
which had both shim and scram functions, When fully inserted, the rods
penetrated the end reflector to the cavity wall. Additional shutdown was
provided by separating the two reactor tanks, The position of the movable
table was remotely controlled and the drive system was connected to the
reactor control circuits. .

All of the experiments described herein contained an annulus of
MTR-~type fuel elements in the radial reflector as shown in Figure 3.2,
This annulus contained 823.2 grams of U-235 and was 19 cm from the
wet surface of the cavity wall, The composition and size of the MTR~
type fuel plates used in this experiment are given in Table 3.1. These
fuel plates were used in earlier experiments as noted in Reference 1.

The core support structure which was used for the initial reactor
assembly is shown in Figure 3.3. This was modified later and the extent
of the modification will be described in a subsequent section of this repoxrt.
The base structure shown in Figure-3.3 contained 15.15 kg of type 6061
aluminum and 38.6 kg of type 1100 aluminum, The core structure con-
sisted of several cells into which fuel elements could be inserted. A
typical fuel element is shown in Figure 3.4. In order to identify the
several fuel element positions within the reactor a numbering system
was used as shown in Figure 3.5. By specifying’a cell and fuel element
number, any position within the core structure could be identified. Each
fuel element can consisted of 511 gmn of type 1100 aluminum. In addition,
when the elements were loaded with fuel, spacers were used to hold the |
fuel in the configuration shown in Figure 3.4. Each spacer weighed
3.46 gm and there were two of these in each stage of fuel, Each fuel
element also contained a lid of type 1100 aluminum which weighed 29.6
gm. The base core configuration contained 208 fuel elements when
fully loaded. Thus the total aluminum mass in the core was:
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Type 1100 in fuel element cans, rings, and lids 133.2 kg

Type 1100 in fuel element support structure 38.6 kg
Type 6061 in rear yoke support 15.2 kg
3.2 Experimental Procedures

All power distribution measurements were made with catcher
foils. The foils consisted of thin discs of aluminum, normally 1.429 cm
(9/16 in.) in diameter placed against a bare disc of uranium. After exposure
in the reactor, the catcher foils were counted in beta scintillation counters.
The activity in the foils was due to fission products embedded in.the outer
surface of the aluminum and was proportional to power in the specific loca-
tion in the reactor. Variations in fuel surface and pressure of contact
account for uncertainties of less than 1% in count rate. Both bare and
cadmium covered foils were exposed. The cadmium was 0.0508 cm (0.020
in.) thick. All foil exposure runs were for 20 minutes from P/e to shut-
down where P was the level reactor power for the exposure and e is the
natural logarithm base.

All foil locations within the reactor were referenced to an axial
and radial zero position. The axial zero reference point was the wet sar-
face of the outer D,O tank all of the fixed table end reflector (Reference
1, p. 29}). The ragia.l zero reference point was the radial center of the
reactor,

Neutron flux measurements were obtained from bare and cadmium
covered gold foils. The foils were all nominally 0.00127 cm thick and were
1.429 cm in diameter., After exposure in the reactor, these foils were
counted in a 256-channel gamnma ray analyzer to determine the activity
under the 0.4]1 Mev gamma energy peak, and hence the absolute disin=
tegration rate.

The control rods were remotely operated from the control room
and rod positions were monitored on a digital voltmeter or ratiometer.
Rod worth curves were not normally measured on the various configur-
ations since the curves are generally insensitive to conditions within the
cavity. The curves from previous measurements were generally checked
for accuracy by a rod pull or rod insertion measurement using inverse

"kinetics. These curves were used to evaluate k-excess and rod worth and
are found in Reference 1, pp. 26 and 27.

All reactor periods were reduced to Teactivity by using the normal
inhour equation. The effective delayed neutron parameters used in this
equation are given in Reference 1, p. 28, The value of the delayed neutron
fraction (the dollar), including gamma-neudtron production in the DO was
0.765%Ak with an uncertainty of #0,02%Ak. The neutron lifetime Was
assumed to be 4.0 milliseconds, )

There were two general types of waves tested. The first type
consisted of a single wave addition to the outer surface of the reactor
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which was either 7.3 or 21.9 cm square. The wave resulted in a net
increase in fuel mass. Both single and multiple waves were tested. The
second type consisted of a wave with both trough and crest and was
created by shifting the fuel from the active core to the outer 'surface of
the core, thus conserving fuel, The waves were the same size as noted
above and were both single and multiple waves.
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TABLE 3.1

Composition and Dimensions for MTR Type Fuel Plates

Fuel Plate

Length 50.8 cm
Width 6.2 cm
Thickness 0.094 cm
Al weight 70.25 g
U-235 . 8.4 g

Aluminum Backup Plate (one per fuel plate)

Length 56,44 cm
Width 6.985 cm
Thickness 0.099 cm
Al weight 3 101.3 ¢
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Control Rod Guide Tubes
End Plate Stiffeners

O.D. of Cavity
Actluator Number

0

0 1 2 3 4

bﬁr—*—v- | [ MR ] |
Scale in Feet

Fig. 3.1 Control rod configuration
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Fig. 3.2 Reflector tank configuration showing booster fuel

in the reflector



IFuel Sheet— 93% U-235

Fuel Tray— Aluminum
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Fig. 3.4 Typical fuel element configuration



Rear support flange

Fuel elements

124.5 cm ¥°

Sheet aluminum

Fig. 3.3 Core suppori-fuel element structure
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/-——Cell number
Fuel element number
[

2.1 | 2.2 |2-3 {2-4 §3.1}3-2}3-3 3-1

i-1]2-5 (2.6 [2-7 |2-8 | 3-5 | 3-6 | 3-7 | 3-8 }4-1

1.2 | 1-302-9 [2-10]2-11]|2-12] 3-9 ] 3-10] 3-11| 3-12]| 4-2 |4-3

1-4 | 1-5 | 1-6 §2-13| 2-14|2-15} 2-16§ 3-13| 3-14| 3-15] 3-16] 4-4 |4-5 [ 4-6

-1 |5+2 |5-3 |5-4 }6-1 | 6.2 |6-3 |6-4 | 7-1[7-2 |7-3 }7-4 |8-1{8-2 [8-3 |B-4

5-5 |56 |5-7 |5-8 |6-5 |6-6 [6-7 |6-8 | 7-5 |76 | 7-7 | 7-8 |8-5 [8-6 {8.7 [8-8

5.9 [5-10}5~11]|5-12]6-9 |6~10)6~11}6=~12} 7-9 | 7~10| 7-11|7-12]8~9 |8-10]8~11|8-12

5-13|5-1415-15{5-16]6-13| 6-14|6-15]|6-16] 7-13| 7-14| 7~-15]| 7-16] 8-13| 8.14| 8-15] 8216

9-1 1 9.2 19-3 [9-4 §10-2{10-2[10-3 [10-4 {12-1111-2{31-3 {11ud {12~1}12-2 [12-3 |12-4

9-5 | 9«6 [9-7 {958 ]10~5|10-6 |10-7 {10~8 |11-5 |11-6 |[11-7 {11-8 | 12-5|12-6 |{)2-7 |[12-8

9-9 19-10(9-11:9-12}10-9}10-10{10-~1]10~12411~9 [11~10[11-11{11-12}12-9 [12-10[12.11}12-12

5-13[9414.{9-15 916 } 101310~ 14101510~ 16} 11- 141 1~ 14{11- 15{11- 16§12~ 13|12 14|12~ 15 12- 1§

13-1113-2113-3]14=1 |14-2 |14-3 |[14~4 }15-1 |15-2 [ }5-3 | 15-~4 | 16-1|16-2 {16-3

13-4 | 13~5}14-5 |14-6 [14.7 |14-8 ]15-5 |15-6 [15-7 [15-8 [ 16-4 | 16-5

13-6 | 14-~9 |14~ 10{14- 11|14~ 12|15~ 9 [15-10{15~ 11}15~ 12 16=-6

14~ 13114~ 14{14~ 15[ 14~ 16]15- 14 15~ 1415~ 15|15~ 16

End view facing the fixed table

Fig. 3.5 Numbering scheme for fuel elements
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4.0 PRE-WAVE CONFIGURATION

Prior to making the required modifications to the core for the
wave experiments, a reactor conf.lgura.twn was assembled to determine
the critical mass with the fuel annulus in the radial reflector, the stain-
less steel liner(83.1 kg, 0.096 cm thick) on the cavity wall, and poly-~
ethylene distributed through the region between the active core and
cavity wall. It was required that the fuel loading in the active core be
around 30 kg of uranium, and in order to keep the critical loading within
this limit, the polyethylene concentration was varied. The fuel annulus
was placed 19 cm from the wet surface of the cavity wall in the radial
reflector and contained 823.2 .gm of U-235. The polyethylene was the
same structure as used for a previous experiment and is described in
Reference 1, p. 82. The base structure contained about 18 kg of
polyethylene; however, this weight could be increased by adding tubes
of polyethylene to the main structure. In order to properly support the
polyethylene structure, 14.7 kg of zluminum structure was used for this
purpose,

4.1 Initial Loading

Initial loading began May 1, 1968, The fuel elements were
each loaded with 56 size 1.0 fuel sheets. Since there were 16 stages
of fuel per fuel element, the average number of sheets per stage was
3.5. Half fuel sheets were not used so the stages contained either
3 or 4 sheets. The elements were loaded so that the odd numbered
stages contained 3 sheets of fuel and the even numbered stages con-
tained 4 sheets of fuel or visa versa. 'The total loading in 208 fuel
elements was 11648 sheets of fuel or 30.5 kg of uranium.

The reactor assembly, prior to any modification for the above
configuration, contained 23.25 kg of uranium, no polyethylene, the
stainless steel liner on the cavity wall, K-excess was 3.543%Ak.
Therefore, the major changes to create the new configuration were
in the addition of polyethylene and the increase in fuel loading. Poly-
ethylene was added, 20.6 kg was selected, and then the fuel elements
were modified in severdl increments and multiplication data obtained
after eachstep as noted in Table 4.1 and Figure 4.1. The reactor
was critical after the core was fully loaded with 30.5 kg of uranium,
20.6 kg of polyethylene, and k-excess was 0.177%Ak.

4.2 Rod Worth Measurements

The reactivity worth of Actuator 5 and Actuator 6 was measured
during the course of this experiment. Two separate measurements of
Actuator 5 gave a worth of -0.5504+0. 0380%Ak and four measurements
of Actuator 6 produced an average worth of -0,.5541+0, 0176 %Ak.

4.3 Material Worth Measurements

Prior to the fuel worth measurement, 2.55 kg of polyethylene
were removed from the region between the active core and cavity wall
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in order to increase k-excess. Measurements were then taken of fuel
worth at several radial positions (longitudinal averages) as shown in
Table 4.2 and Figure 4.2. The volmue weighted average fuel worth
was then calculated from this curve, and found to be 0.451%Ak/kg.

Removing the above polyethylene increased k-excess 0.60%Ak
which gives a worth of -0.235%Ak of CH,.

Additional fuel worth measurements were obtained as a function
of distance from the end reflector region (Table 4. 3).to further verify
the values reported in Reference 1, p. 210 (Table 11.3}). There were
some variations from the earlier data but nothing unusual which would
change the distribution of fuel worth vs axial position. 7

4.4 Power Distribution Measurements

Bare catcher foils were exposed within the cavity and on the fuel
annulus to define the power distribution and determine the powe r fraction
in the annulus. The individual foil data are given in Table 4.4, Figure
4.3 shows the relative axial distribution through the cavity. The axial
profiles were averaged and these were plotted to give the radial profile
as shown in Figure 4.4. The volume weighted average was 2. 051 over
the active core. The active core power calculates to be 12.8 watts and
the annulus power 1.96 watts. A linear extrapolation of the annulus
power frorn 823.2 to 1000 gm of U-235 gives an annulus power of 2,38
watts. The power fraction in a fuel annulus containing 1 kg of U-235 is,
therefore, 0.157, where as the ratio of fuel in the annulus to the total
fuel loading is 0.034. (The reference value of 1 kg of U-235 in the
reflector annulus was adopted in Reference 1.) This power fraction
agrees well with the previousresults for a light core loading, reported
in Reference 1.

A sector of the fuel annulus was then moved to 12 ecm from the
cavity wall to measure the annulus power fraction at this point. Cnly
bare catcher foils were exposed along the radial centerline of the core
and on the sector of fuel annulus which was moved in closer to the
‘cavity. The data are given in Table 4.5. A plot was made of the axial
profile at the core center, as shown in Figure 4.5, and the curve average
was 1.230 with respect to the core center value,

The core power was calculated to be 14.7 watts, assuming the
radial power profile was the same as shown in Figure 4.4, for the fuel
annulus of 19 cm. The fuel annulus power was 2.19 watts if containing
1 kg of U-235 which gives a power fraction in the annulus of 0.130. This
value is about 10% lower than expected from previous results. These
data substantiate the fact that there is a peak in power fraction with the
fuel annulus around 19 cm from the wet surface of the cavity wall., A
result that had been concluded from earlier measurements (Reference 1,
p. 269).

The above power mapping was done with the DZO temperature at

21°C and Actuator 6 withdrawn from 23.4 cm to 28.1 cfa. All other
control rods were completely withdrawn.
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TABLE 4,1

Inverse Multiplication After Addition of 20.6 kg of Polyethylene to the
’ Cavity Reactor

No.

Fuel .
Elements Channel No. 1 Channel No. 2 Channel No. 3 Average Rod

Increment Modified CR CRo/CR CR CRo/CR GCR CRo/CR GRo/CR Positions

‘Base ) 0 10575 L0757 TO47T L0732 4088 0775 .0755 In
24250 N 9366* 16265 L0360 18577 .0387 .0371 Out

1 19 10948 L0731 T413 0696 8517 L0736 L0721 in
19 ) 27147 .0327 18488 L0316 20751 .0330 0330 Cut

‘2 38 11546 .0690 7696 0667 8980 D695 . 0684 in
2 38 30522 . 0289 20724 L0281 23492 .0304 . 0291 Cut
3 T4 13168 . 0605 8731 . 0588 10054 L0621 | L0605 In,
3 T4 41918 L0211 28693 ._0203 32141 0222 L0212 Cut

4 ‘110 ‘14769 . 0540 9930 L0517 11431 L0544 - L0534 In
4 110 61770 0143 42054 0138 46167 0155 . . 0145 Cut

5 146 16742 0474 11269 .0453 12822 . 0484 . 0470 In
5 146 110862 0079 74525 .Goy8 800i5 . 0089 .0082 Out

b 182 19177 0414 12976 .0394 14738 042} L0410 In
6 182 393716 .0022 259010 L0022 262186 . 0027 0024 Cut

7 208 21190 L0368 14606 L0344 16467 0372 ..0361 In

7 Reactor critical with k-excess = 0.177%Ak
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TABLE 4.2
Uranium Worth Measurement
Stainless Steel Liner and 18.1 kg Polyethylene in Cavity
Fuel Annulus in Radial Reflector at 19 cm from Cavity Wall

30.5 kg Loading in Core

Uranium Weight Reactivity Uranium

Radial Distance Difference Change Worth

Run No. (cm from core center) (gm) - - (%A k) (eAk/ kg)
562 5.4 T7.37 0.0231 0.299
563 43.5 ’ 77.37 0.0323 0.417
565 26.9 T77.37 0.0249 0.322
566 50.8 77.37 0 0369 0.477
569 60.2 T7.37 0.0563 0.728

570 59.2 77.37 0.0535 0.691
547 63.2 180.30 0.1732 0.930
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TABLE 4.3

Fuel Worth in Reflector Region

Fuel Annulus at 19 cm in Radial Reflector

18.1 kg Polyethylene in Cavity

Position Fuel Worth of Worth of Worthékg
Radial Axial # Weight fuel and wand wand U2'3 .
(cm) - (cm) (gm U235) (%A k) (%A k) . (%Ak)
21.8 8§1.2 8.54 0.0372 -0.0246 7.24
21.8 73.6 8.54 0.0609 -0.0240 9, 94
21.8 58.3 8.54 0.0415 ~0.0175 8.07
21.8 27.8 8.54 0.0060 -0.0069 1.51

* From one end of the reactor, that opposite the separation plane.
cm is at the outside edge of the end reflector.

Ziero
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TABLE 4.4
Bare Catcher Foil Data

Fuel Annulus 19 cm and 18.1 kg Polyethylene in Core-

Location .
Ratio of

Foil Radial Axial Local to Core Center
No. {crm) {cm) Normalized Counts {Foil No. X)
Run 1133 ot
1 0 90.8 51726 2.361
2 0 102.8 30601 1.397
3 0 118.0 28120 1.283
4 0 133.3 24629 1.124
5 0 148.5 21909 1.000 (X)
6 0 163.8 24279 1.108
7 0 179.0 27080 1.236
8 0 194,2 33846 1.545
9 0 206.2 57922 2.644
10 30.5 50.8 53231 2.430
11 30.5 102.8 37722 1.722
12 30.5 118.0 35064 1.600
13 30.5 133.3 33218 1.516
14 30.5 148.5 30816 1.407
15 30.5 163.8 130622 1,398
16 30.5 179.0 33506 1.529
17 30.5 194.2 39581 1.807
18 30.5 206.2 54735 2.498
19 45.7 90.8 59681 2.724
zZ0 45.7 102.8 48659 2.221
21 45.7 118.0 40757 1.860
22 45,7 133.3 42638 1.946
23 45,7 148.5 39043 1.782
24 45,7 163.8 40673 1.856
25 45,7 179.0 41911 1.913
26 45.7 194.2 48964 2,235
27 45,7 206.2 61557 2.810
28 61.0 90.5 80992 3.697
29 61.0 102.8 78254 3.572
30 61.0 118.0 64008 2.922
31 61.0 133.3 65377 2.984
32 61.0 148.5 62746 2.864
33 61.0 163.8 62287 2.843
34 61.0 179.0 63500 2.898
35 6£1.0 194.2 72999 3.332
36 61.0 206.2 79453 3.626
37 76.2 90.8 127002 5.797
38 76.2 102.8 126436 5.771
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TABLE 4.4

(Continued)

Location Rati
atio of

Foil Radial Axial Local to Core Center
No. {cm) (cm) Normalized Counts {Foil No. X)
Run 1133 (Cont'd)
39 76.2 118.0 134866 6.156
40 76.2 133.3 120987 5.522
4] 76:2- 148.5 126769 5.786
42 T6.2 163.8 115409 5.268
43 76.2 179.0 115094 5.253
44 76,2 194.2 111689 5.098
45 76.2 206.2 114874 5,243
46 91.4 30.8 130075 5.937
47 91.4 102.8 127491 5.819
48 91.4 118.0 119282 5.444
49 91.4 133.3 116812 5.332
50 91.4 148 .5 117837 5.378
51 91.4 163.8 122029 5.570
52 -91-. 4 179.0 120376 5.494
53 gl.4 194.2 121217 5.533
54 91.4 206.2 117047 5.342
55 111.1 128.2 260598 "11.894
56 111.7 128.2 242866 11.085
57 111.1 151.1 239959 10.952
58 111.7 i51.1 237253 10,829
59 111.1 174.0 216040 9.861
60 111.7 228128 10.412

174.0
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TABLE 4.5
Bare Catcher Foil Data
Fuel Annulus 19 cm Except Sector at 12 cm from the Cavity

Wall and 18.1 kg Polyethylene in Core

Location .
Ratio of

Foil Radial Axial Local to Core Center
No. {cm) (cm) Normalized Counts (Foil No. X)
Run 1134
i 0 90.8 50099 1.993
2 0 102.8 33308 1.325
3 0 118.0 27024 1.075
4 0 133.3 26541 1.056
5 0 148 .5 25131 1.000 ({X)
6 0 163.8 22695 0.903
7 0 179.0 27124 1.079
8 0 194.2 34825 1.386
9 0 206.2 59759 2.378
10 128.2 222130 8.839
11 128.2 245686 9.776
12 151.1 225344 8.967
13 151.1 210028 8. 357
i4 174.0 212688 8.463
15 174.0 202857 8.072
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5.0 CONFIGURATION 1 (Bare Core For Wave Measurements)

In order to perform the fuel wave experiments, it was necessary to
extend the main core structure radially outward. The largest waves to be
tested were 21.9 cm square and were to extend beyond the normal active core
by this distance. The layout of the néw core support structure is shown in
Figure 5.1. As will be noted, the cells varied considerably in size outside
of the normal active core. It was convenient to re-number the fuel element
positions within the cells and the new numbering system is given in Figure
5.2. To specify a particular location in the reactor, two numbers were
used, such as 14-12, where the first number was the cell location and the
second number was the fuel element position within the cell. The new,
expanded core support structure weighed 91.5 kg which is an increase of
37.75 kg of type 1100 aluminum over the original structure (Reference 2,

p. 138). ’

Polyethylene to simulate hydrogen was again required between the
core structure and cavity wall. However, now the space in the region
between the core structure and the cavity wall was only 8 cm thick. It was
decided not to complicate unduly the experimental arrangement. Therefore,
the hydrogen simulation (CH,} was placed only in this annulus by using tubes
and sheets of polyethylene to fill the annulus. Initial loading began with 20.6
kg of polyethylene in this annulus.

The 0.096 ¢m thick stainless steel liner was still on the cavity wall.
The total weight in the liner was 83.1 kg distributed over both ends and
radial wall of the cavity.

Previous to this reactor assemnbly, the fuel elements were inserted
into the cavity until they butted against the cavity end plate. This placed the
center of the fuel elements 2.55 cm off the axial center of the cavity since the
cavity was 121.9 cm long and the fuel elements were 116.8 cm long. At this
time, however, aluminum spacers were made and inserted at the back of the
cavity against the end plate so as to center the fuel elements in the cavity.
The spacers weighed 2572 grams.

5.1 Initial Loading

The anticipated fuel loading for this configuration was the same as
for the reactor described in Section 4.0 of this report. Two major changes
were made in establishing this assembly; (1) the core structure size was
increased which increased the aluminum mass in the core 40.3 kg, (2) the
polyethylene was moved to the outer 8 cm of the radial wall of the cavity.
It was known from earlier measurements that polyethylene has about twice
the negative reactivity effect when against the active core as when near the
cavity wall.. Therefore, the effects of adding the extra aluminum in the
support structure and moving the polyethylene nearer to the cavity wall
were expected to cancel each other, approximately. Prior to loading the
core, the 20.6 kg of polyethylene were placed in the outer 8 cm of the
cavity and all the additional aluminum core support structure and rear
spacers were installed.
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The fuel element loading was unchanged from the 56 sheets per
element described in Section 4.1. The first increment placed in the core
was 104 elements or one-half of the anticipated critical mass of 30.5 kg
of uranium. The loading proceded, as shown in Table 5.1 and Figure
5.3, until 182 elements (26.7 kg of uranium) were in the reactor at which
-point the reactor was critical with 0.0835%Ak excess reactivity. It was
obvious that k-excess would be greater than the allowable operation limit
if all 208 fuel elements were added to the reactor without reducing the fuel
density or otherwise compensating for the reactivity. It was decided to
increase the polyethylene mass so an additional 7. 26 kg were placed in the
annulus between the core structure and cavity wall, bringing the total to
27.86 kg. The fuel loading was increased to 198 fuel elements or 29.1 kg
and again the reactor was critical and k-excess was 0.526%Ak. An
additional 7. 04 kg of -polyethylene were then placed in the cavity, making
a total of 34.9 kg {(all distributed in the outer 8 cm thick annulus) and the
remaining fuel elements were added.. With 30.5 kg of uranium in the
core, k-excess was 0.179%Ak.

5.2 Rod Worth Measurements

A single measurement of the worth of Actuator 6 gave -0.515%Ak
and the worth of Actuators 3 and 6 together was -1.254%Ak, also a single
measurement. These data were obtained while completing the fuel loading
after the reactor was a critical assembly. There were no other reactivity
measurements with this reactor assembly until the wave tests were started.

5.3 Power Distribution

5.3.1 Bare Catcher Foil Data

The catcher foil data, both bare and cadmium covered, are con-
tained in Table 5.2. Axial power distribution profiles were measured at
several radial positions within the cavity as shown in Figure 5.4. The
axial averages were then plotted to show the radial profile as seen in
Figure 5.5. The volume weight average power density {obtained from the
composite radial distribution) over the active core was 1.786 with respect
to the foil at the center of the core. It will be noted from the radial dis-
tribution curve that the polyethylene (CH,) has an appreciable effect on the
‘curve, as there was a significant attenuation through this material,

The power for both the active core and the fuel annulus was cal-
culated from the bare foil data and it was determined that the active core
generated 13.2 watts and the annulus 2.06 watts. The annulus contained
823.2 gm of U235, When referenced to 1 kg of U235, the annulus power
to total reactor power fraction was 0.161. This compares to 0.157 reported
in Section 4.4 of this report with the fuel annulus at the same position, and
the same fuel mass ratieo between the annulus and the core.

Except for Run 1135 all foil exposures were made with Actuators-
4, 5, and 6 equally withdrawn about 26 cm with the remaining rods in the
fully withdrawn position. Run 1135 had Actuators 3 and 6 equally withdrawn
22.4 crm and the other rods fully withdrawn. The DZO temperature averaged
near 21 C during all the measurements. .
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5.3.2 Catcher Foil Cadmium Ratios

Sufficient cadmiurm covered foils were exposed to generate an
axial distribution through the radial center and a radial profile through
axial center of the core. The cadmium ratios are given at the bottom of
Table 5.2, and the plotted distributions are presented in Figures 5.6 and
5.7. The high value at the separation plane in Figure 5.6 is due to the
"exhaust" hole in the center of the end reflector (movable table). Figure
5.7 shows a considerable hardening of the fission spectrum across the
polyethylene since the cadmium ratio decreases from 33.5t0 19.4 in
crossing this annulus toward the center of the reactor.

5.4 \ Resonance Detector Data

5.4.1 Bare Gold Foils

Extensive mapping was performed with 0.0005 cm thick gold foils
both in the cavity and reflector regions and the results are given in Table
5.3. All of the gold foil data are contained in this table including both
bare and cadmium covered foils, All of the gold foil activities were
power normalized to Run 1135 by using the counts from the power normali-
zer foils as shown in Tale 5.4. There were scrams near the middle of
Runs 1140 and 1142, and therefore, the normalization factors for these
runs are more uncertain than for the other runs. On Run 1142, some
of the foil positions were repeated and these were used to determine the
normalization factor. No such repeat data were available on Run 1140,
and catcher foil activity had to be interpolated for the effective length of
the shortened run.

Within the cavity region, several axial profiles were measured
with the bare gold foils across the core radius as shown in Figure 5.8. The
data were normalized to the core center as was done with the bare catcher
foils. The curves were averaged and the averages were plotted as a radial
profile in Figure 5.9. The volume weighted average over the active core
was then detetermined to be 1.314 of the value at the core center.

The profiles within the radial and end reflectors are shown in
Figures 5.10 and 5.11, respectively, Run 1135 was performed with
Actuators 3 and 6 equally withdrawn about 22 cm. Actuator 3 is next to
the center hole in the e€nd reflector where the measurements are taken
and this caused some attenuation of the flux in the end reflector as noted
in Figure 5.11. The rod pattern was changed on subsequent runs so that
Actuators 1, 2, and 3 were fully withdrawn and Actuators 4, 5, and 6 were
about 26 cm withdrawn. The radial reflector shows a slightly higher bare
gold foil activity which is normal with the fuel annulus in the radial reflector.

5.4.2 Gold Foil Cadmium Ratios

Where both bare and cadmium covered gold foil activities were
available, cadmium ratios were calculated. The foil data were first
reduced to infinitely dilute activities as described in Reference 2, p. 49,50.
The values thus calculated are given in Table 5.5. The axial and radial
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distributions in the cavity are shown in Figure 5.12 and 5.13, respectively.
There were some cadmium ratio data which were obviously bad so repeéat
measurements were obtained. These points can'be observed in the two

. figures where double points appear. In general, however, the data appeared
to be consistent within the typical experimental error of about #5%,. - At the
core center, the infinitely dilute cadmium ratic was about 1.2 and this
incréased to 1.7 at the'outer edge of the fuel alonhg the axial centerline of
the core. The big change occurred over the polyethylene annulus, where
the cadmium ratio increased from around 1.7 on the ihner surface to 2.3
on the outer surface of the ‘polyethylene. This material acts as a flux

trap which not only absorbs neutrons but reflects the neutrons back into

the reflector thus causing a significant attenuation in the number of low
energy neutrons reaching the active core.

The cadmium ratios in the radial and end reflectors are shown
in Figure 5.14. The crossover in the two curves around 20 cin from the
cavity wall is caused by 'the hlgh concentration of polyethylene near the
cavity wall and the fuel annulus in the reflector. The polyethylene enhances
the thermal neutrons in the radial reflector near the cavity wall and the
production of fission neutrons in the fuel annulus increases the epi-thermal
neutrons level between the annulus and outer regions of the reflector.

5.5 Thermal Neutron Flux

The thermal neutron flux is readily calculated from those locations
‘where both bare and cadmium covered gold foil data ate available. The
standard eguations given in Reference 3, p. 69 were used. The thermal
cross section used for gold was 98.8 barns. The resulting flux values
per watt of active core power are given in Table 5.6. The active core
power for Run 1135, the foil éxposure run to which subsequent runs were
normalized, was 13.2 watts. The thermal flux distribution withih the active
-core is shown 1n Figure 5.15. The thermal flux at the core center is about
0.4 x 10% n/cm2/sec/watt. This increases to approximately 1.4 x 10
n/cm?é/sec/watt at the outer edge of the fuel along the axial centéerline of
the core. Although there is some data scatter noted in Figure 5.15, the
points generally fall on a smooth curve within 1.0% or less.

Figures 5.16 and 5.17 show the thermal flux distributions radially
and axially through the core and #eflector regions. Only the data throdgh the
axial or radial centerline are plotted. The cornposite two dimensional effects
are shown in Figure 5.15. It will be noted from this figure that the point at
an axial .position of 151.1 cm (mldplane) ahd a radial position of 30.5 cm was
about 50% low. Another point in Figure 5.16 which appears to be in error is
-at a 84.5 cm. This is apparently 50% too hlgh when comparred to the center
foil on the axial profile at a radial position of 84.5 cm given in Figure 5.15"
1t appears from the smocth curve that this p01nt should have been around
2.3 rather than near 2.9. -
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TABLE 5.1

Inverse Multiplication for Initial Loading of Configuration }

Numbc-r ’ . T
Elementsa Channel No. 1 Channel No, 2 Channel No. 3 Rod

Increment 1n Core °~ CR CRo/CR CR CRo/CR CR GCRo/CR Average. Positions

[ 4] 658 1.000 466 1.000 545 1.000 i: 000 In-
0 . 0 722 1.000 529 1.000 606 1.000 - 1.000 Cut
1 104 5055 0,130 3792 0.123 4287 0.127 % 0.127 I
1 104 T422 0.097 5451 0.097 6174 0.098 ¢ 0,097 Qut
A 134 8102 0.081 5960 0.078 6808 0.080 0.080 In
2 134 14470 0,050 10633 0.050 12063 0.050 0.050 Cut’
3 161 14353 0.046 10499 0,044 11800 0.046 0.045 In
3 161 44557 0.016 33165 0.016 36522 0.017 0.'016 Gut
4 182 23313 0,028 17014 0.027 19128 0.028 0.028 In
4 182 Grifical with 0.0835%Ak k-excess .

Added 7.26 kg polyethylene to core y
5 182 17529 0.0375 12007 0.0388 13734 0.0397 0.0387 In
5 182 81097 0.0089 55380 0.0096 60281 0.0101 0.0095 Qut
6 192 22901 0.0287 15869 0.0294 17782 0.0306 0.0296 In
6 192 817485 0.0009 531680 0.0010 539272 0.0011 0.0010 Out
7 198 28581 0.0230 19755 0.023 21772 0.0250 0.0239 In
7 198 LCritical with 0.5257%Ak k-excess
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TABLE 5.2
Catcher Foil Data

Configuration 1 (Base Configuration for Wave Experiments)

Location

Foil Radial Axial Normalized
No., Type . {cm) (cm) Count Tocal to Foil (X)
Run 1135
1 Bare 0 93.3 49264 1.890
2 Bare 0 105.3 | 32461 1.245
3 Bare 0 120.6 37808 1.067
4 Bare 0 135.8 25658 0.984
5 Bare 0 151.1 26066 1.000 (X)
6 Bare 0 166.3 23942 0.918
7 Bare 0 181.5 30182 1.158
8 Bare 0 196.8 38942 1.494
9 Bare 0 208.8 62541 2.399
10 Bare 30.5 93,3 56558 2.170
11 Bare 30.5, 105.3 36658 1.406
12 Bare 30.5 120.6 35854 1.375
13 Bare 30.5 . 135.8 31390 1.204
14 Bare 30.5 15). 1 32042 1.229
15 Bare 30.5 166.3 30618 1.X¥75
16 Bare 30.5 r8l.5 35877 1.376
37 Bare 30.5 196.8 40914 1.569
iy Bare 30.5 208.8 52632 2.019
19 Bare 45.7 93, 3 62376 2.393
20 Bare 45,7 105.3 54006 2.072
21 Bare 45 .7 20,6 40386 I.549
22 Bare 45,7 135.8 40088 1.538
23 Bare 45,7 151. ¢ 40843 1.567
24 Bare 45.7 166.3 44579 1. 710
25 Bare 45,7 181.5 37123 1,424
26 Bare 45.7 196..8. 47319 1.815
27 Bare- 45.17 - 208.8 59746 2.292
28. Bare 61, 0 93.. 3 80016 3. 069
29 Bare 61.0 105.3 74015 2..839
30 Bare 61..0 120, 6. 76254 2.-925
3T Bare 61.0 135..8 71852 2756
32 Baxre- 61.0 151..1 71394 2. 739
33 Bare 61.0 166..3 72312 2. 714
34, Bare 61..0. 181.5 7.0838% 2.700.
35 Baxe 61,0 196.8 80047 3. 071
36, Baxe- 61.0 208.8 85264 3.271
37 Bare 84.5 93.3" 113968 4.372
38 Bazre. 84.5 105.3 109507 4, 201
39 Bare 845 120.6 101905 3.909
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TABLE 5.2

(Continued)
Location
Foil Radial Axial Normalized
No. Type {cm) (cm) Count Local to Foil {(¥)
Run 1135 (Cont'd)
40 Bare 84.5 135.8 104426 4,006
41 Bare 84.5 151.1 99059 3.800
42 BRare 84.5 166.3 968071 3.713
43 Bare 84.5 181.5 97252 3.731
44 Bare 84,5 196.8 . 03222 3.576
45 Bare 84.5 208.8 108629 4,167
46 Bare 90.8 93.3 139341 - 5.345
47 Bare 90.8 105.3 148704 5.704
48 Bazre 90.8 120.6 166332 6.380
49 Bare 90.8 135.8 165873 6.363
50 Bare 90.8 151.1 169934 6.519
51 Bare 90.8 166.3 152638 5.855
52 Bare 90.8 181.5 149464 5.733
53 Bare 90.8 196.8 129870 4,082
54 Bare 90.8 208.8 112070 4,299
55 Bare 111.1 128.2 270901 10,39
56 Bare 111.7 128.2 259087 9.939
57 Bare 111.1 151.1 254534 9.764
58 Bare 111.7 151.1 238363 9.144
59 Bazre 11it.1 174.0 238258 9.140
60 Bare 111.7 174.0 239890 9,202
Run 1140 Cd Ratio
1 Cd 0 93.3 4798 10,268
2 Cad 0 120.6 4013 6.929
3 Cd 0 151.1 3345 7.793
4 Cd 0 181.5 3679 8.204
5 Cd 0 208.8 3789 16.506
Run 1141
1 Cd 30.5 151.1 4247 . 7.545
2 Cd 61.0 151.,1 4805 14.858
3 Cd 84.5 151.1 5104 ° 19.408
4

Cd 90.8 151.1 . 5069 33.524
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TABLE 5.3
Gold Foil Data - (0.0005 c¢m thick)

Configuration 1 (Base Configuration for Wave Experiments)

Location .
. Foil
Foil Radial Axial Weight Specific Activit
No. Type (cm) (cm) (gm} d/em/gm x 10~ Local to Foil {(X)
Run 1135
1 Bare 0 89.4 0.0184 2.681
2 Bare 0 74.9 0.0163 5.694
3 Bare 0 59.6 0.0184 4,480
4 Bare 0 44.4 0.0192 2.964
5 Bare 0 29.1 0,0174 1.723
6 . Bare 0 13.9 '0.0166 0.805
7 Bare 0 0 0.0179 0.136
8 Bare 93.2 151.1 0.0184 5.049
9 Bare 107.7 151.1 0.0178 6.234
10 Bare 123.0 151.1. 0.0168 5. 205
11 Bare 138.2 151.1 0.0166 3.531
12 Bare 153.5 151.1 0.0155 2.038
13 Bare 168.7 151.1 0.0153 0.877
14 Bare 183.9 151:l 0.0203 0.121
Run 1136
1 Bare 0 93.3 D.0162 2.434 1,559
2 Bare 0 105.3 90,0147 2.029 1.300
3 Bare 0 120.6 0.0147 1.590 1.019
4 Bare -0 135.8 0.0164 1.561 1.000
5 Bare 0 151.1 0.0161}1 1.561 1,000 (X)
6 Bare 0 166.3 0.0147 1.620 1.038
7 Bare 0 181.5 90,0156 - 1.691 1.083
8 Bare- 0 196.8 0.0146 1.807 1.158
g Bare 0 208.8 0.0137 2.313 1.482
10 Bdre © 30.5 93.3 0.0164 Z2.305 1.477
1i Bare = 30.5 105.3 0.0178 1.880 1,204
12 Bare 30.5 120.6 0.0172 1.824 1.168
i3 Bare- 30.5- 135.8 00,0162 1,749 1,120
14 Bare 30.5 151.1 0.01555: 1.739 1.114
15 Bare 30.5 166.3 0.0145 1,825 1,169
16 Bare 30.5 181.5 0.0202 1.705 1.092
17 Bare 30.5 196.8 0.01935 1.854 1.188_
18 Bare 30.5 208.8 0.0187 2.247 1.439
19 Bare  45.7 93.3 0.0175. 2.267 1.452
20 BRare 45,7 105.3 0.0166 2.155 1.381

-48 -



TABLE 5.3

(Continued)
Foil Location Foil
ot Radial Axial Weight Specific Activit
No. Type {cm} (em) (gm) dfcm/gm x 107 Local to Foil (X)

Run 1136 (Cont'd)

z21 Bare 45.7 . 120.6 0.0169 1.975 1.265
22 Bare 45.7 135.8 0.0170 1.988 1.274
23 Bare 45.7 151.1 0.0178 1.954 1.252
24 Bare 45,7 166.3 0.0178 1.719 1.101
25 Bare 45..7 181.5 0.0200 1.897 1.215
26 Bare 45,7 196.8 0.0216 2.017 1.292
27 Bare 45.7 208.8 0.0197 2.327 1.491
23 Bare 61.0 93.3 0.0160 2.890 1.851
29 Bare | 61.0 105.3 0.0166 2.778 1.780
30 Bare 61.0 120.6 0.0206 2.632 1.686
31 Bare 61.0 135.8 0.0162 2.717 1.741
32 Bare 61.0 151.1- 0.0143 2.573 1.648
33 Bare 61.0 166.3 0.0200 2.536 1.625
34 Bare 61.0 181.5 0.0183 2.559 1.639
35 Bare 61.0 196.8 0.0171 2.593 1.661
36 Bare 61.0 208.8 0.0159 2.757 1.766
37 Bare 84.5 93.3 0.0151 3.322 2,128
38 Bare 84.5 105.3 0.0186 3.198 2,049
39 Bare 84.5 120.6 0.0145 3.272 2.096
40 Bare 84.5 135.8 0.0171 3.202 2.051
41 Bare 84.5 151.1 0.0176 3.245 2.079
42 Bare 84.5 166.3 0.0160 3.257 2.086
43 Bare 84.5 181.5 0.0182 3.200 2.050
44 Bare 84.5 196.8 0.0161 3.132 2.006
45 Bare 84.5 208.8 0.0170 2.962 1.897
46 Bare 87.6 93.3 0.0163 3.500 2.242
47 Bare 87.6 105.3 0.0182 3.475 2.226
48 Bare 87.6 120.6 0.0154 3.703 2.372
49 Bare 87.6 135.8 0.0153 3.679 2,357
50 Bare 87.6 151.1 0.0158 " 3.690 2.364
51 Bare 87.6 166.3 0.0142 3.630 2.325
52 Bare 87.6 181.5 0.,0200 3.566 2.284
53 Bare 87.6 196.8 0.0193 3.293 2,110
54 Bazre 87.6 208.8 10,0171 3.150 2.018
55 Bare 90.8 93.3 0.0163 - 3.758 2.407
56 Bare 90.8 105.3 0.0177 4.103 2,628
57 Bare 90.8 120.6 0.0143 4,493 2.878
58 Bare 90.8 135.8 0.0155 4.437 2.842
59 Bare 90.8 151.1 0.0134 4.664 2.988
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TABLE 5.3

{Continued)

Location .
Foil Foil
Radial Axial Weight Specific Activity
No. Type {cm) {cm) {gm) d/mfpgm x 10~6 Local to Foil (X)

Run 1136 (Cont'd)

60 Bare 90.8 166.3 0,0171 4,390 2.812
61 Bare 90.8 181.5 0.0177. 4,306 2.758
62 Bare 90.8 196.8 0,0152 4,061 2.602
63 Bare- 90.8 208.8 0.0202 3.066 1.964
64 Ccd 0 59.6 0.0198 0.301 . -
65 Cd 0 29.1 0.0147 0.0048 -
66 Ccd 123.0 151.1 0.0163 0.429 -
67 cd 153.5 151.1 0.0204 0.0095 -
Run 1137

1 Cd 0 93,3 0.0177 1.291

2 Ccd 0 120.6 0.0194 1.164

3 cd 0 151.1 0.0156 1,154

4 Cd 0 181.5 0.0194 1.152

5 cd 0 208.8 0.,0165 - 1.192

6 Ccd 61.0 93.3 0.0161 1.362

7 Cd 61.0 151.1 0.0154 1.411

8 Ccd 61.0 208.8 0.0156 1.363

9 Ccd 87.6 120.6 0.0206 1.404

10 Cd 87.6 181.5 0,0163 1.538

11 Bare 100.1 151.1 0,01965 6.235

12 Bare 115.4 151.1 0.0175 5.523

13 Bare 130.6 151.1 0.01965 4.177

14 Bare 0 - 52.0 0.0141 4.301

15 Bare 0 67.2 0.0159 5.755

16 Bare 0 82.5 0.0199 3.634

Run 1138

1 Cd 0 44.4 0.0188 0..0447

2 Cd 0 89.4 0.0)71 . 1.427

3 Ccd 107.7 151.1 .0.0193 1.148

4 Cd 138.2 151.1 0.0161 . 0.0761

5 Cd 30.5 93.3 0.01835 - 1.285

6 Cda 30.5 120.6 0.0158 1.249

7 Cd 30.5 151.1 0.0135 1.617

8 Ccd 30.5 181.5 0.0178 1.221

9. Cd 30.5 208.8 0.0160 1.356

10 Ccd 61.0 120.6 0.0193 1-.288
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TABLE 5.3

{Continued)
Foil Location Foil
Radial Axial Weight Specific Activity
No. Type {cm) {cm) (gm) d/m/gm x 10~ Local to Foil (X)
Run 1138 (Cont'd)
11 Cd 61.0 181.5 0.0211 1,233
12 Cd 87.6 93.3 10,0187 1.186
13 Cd 87.6 151.1 0.0164 1.606
14 Cd 87.6 208.8 0.0180 1.172
Run 1139
1 Cd 0 74.9 0.0179 1.398
2 Cd 93.2 151.1 0,0221 1,378
3 Cd 45.7 93.3 0.0221 1.203
4 Cd 45,7 120.6 0.0212 1.183
5 Cd 45.7 151.1 0.0169 1.245
6 Cd 45.7 181.5 0.0205 1.189
7 Cd 45,7 208.8 0.0164 1.366
8 Cd 84.5 93.3 0.0153 1.266
9 Cd 84.5 151.1 0.0184 1.416
10 Cd 8§4.5 208.8 0.0183 1.230
11 Cd 90.8 120.6 0.0167 1.545
12 Cd 90.8 18¥.5 0.0189 1.436
Run 1140
1 Cd 84.5 120.6 0.0182 1.232
2 Cd 84.5 181,5 0.0173 1,235
3 Cd 90.8 93.3 0.0190 1.005
4 Cd 90.8 151.1 0,0178 1.337
5 Cd 90.8 208.8 0.0173 1.020
Run 1141
1 Bare 0 0 0.0161 0.162
2 Bare 0 13.9 0.0160 1.104
3 Bare 0 29.1 0.0164 2.203
4 Bare 0 44.4 0.0193 3.463
5 Bare o 59.6 0.0152 5.110
6 Bare 0 74.9 0.0157 5.907
7 Bare 0 89.4 0.0159 2,727
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TABLE 5.

3

(Continued)

Location .
Foil . . Foil . -
Radial Axial Weight Specific Activity

No. Type {cm) (cm) {gm) d/m/gm x 107 Local to Foil (X)
Run 1142

1 Cd 0 120.6 0.0210 1.123

2 Cd 0 151.1 0.0186 1.141

3 Cd 0 181.5 0.0172 1.182

4 Cd 0] 208.8 0.0187 1.202

5 Cd 30.5 151.1 0.0142 1.257

6 Cd 84.5 151.1 0.0199 1.417

7 Cd 90.8 120.6 0.0194 1.426

8 Cd g0.8 151.1 0.0207 1.477

9 Bare 90.8 208.8 0.0198 3.198

10 Bare 0 89.4 0.0169 2.636

11 Bare 0 82.5 0.0161 4,927

12 Bare 0 74.9 0.0125 5.756

13 Bare 0 67.2 0.0149 5,438

14 Bare 0 59.6 0.0167 4.887

15 Bare 0 52.0 0.0150 4,164

16 Bare g93.2 151.1 0.01695 5.029

17 Bare 100.1 151.1 0.0194 6.167

18 Bare 107.7 151.1 0.0216 6.075

i9 Bare 115.4 151.1 0.0163 5.809

20 Bare 123.0 151.1 0.0213 5.099

21 Bare 130.6 151.1 0.0161 4,322
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TABLE 5.4

Power Normalization Factors

Decay Corrected
Run Count Time Decay Activity Activity Normalization
No. Time (min) Factor . (cpm) (cpm) Factor

1135 1450.88 43.50 0.852 295633 . 251879
1452.88 45.50 0.897 281195 252232
1454.88 47.50 0.942 267076 251586 .
251899 1.000

1136 1409.10 49.31 0.984 256946 252835

1411.30 51.51 1.035 244169 252715
1413.60 53.81 1.091 231962 253071
252874 0.996
1137 1605.60 23.47 0.460 560838 257985
1607.53 25.40 0.494 522755 258241
1609.35 27.22 0.527 489541 257988
258071 0.976
1138 1044.44 44.48 ¢.874 290413 253821
1046.32 46.36 0.916 277987 254636
1048.30 48,34 0.960 264952 254354
254270 0.991 -
1139  1241.73 39.96 0.777 329133 255736
1243.59 41.82 0.815 312248 -~ 254482
1245.56 43.79 0.858 294150 252381 .
254200 0.991
1140 1506.00 67.901 1.565 193099 -302200
1507.81 69.711 1.612 186441 300543
1509.80 71.701 1.663 179360 298276
300340 0.839
1141 1631.89 22.68 0.447 569223 254443
1623.80 24,59 0.480 531229 254990
1635.55 26.34 0.511 499183 255083
254839 0.988
1142 1235.13 92.93 2.108 125004 263508.
1237.13  94.93 2.106 121587 1262689
1239.13  96.93 2.213 117974 261135
262444 ©0.960

Normalization factor based on comparison of repeated foil positions is 0.987
and this value was used to power normalize the data for Run 1142.
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TABLE 5.5
Gold Cadmium Ratios

Base Core for Wave Experiments

-

Location Infinitely Dilute Foil Activity C .
admium
Radial Axial Cd Foil Activitg Bare Foil Acti\éity Ratio
{cm) (cm) d/m/gm x 10" d/m/gmx 10~ (Infinitely Dilute)
0 93.3 2.320 3.423 1.476
0 120.6 2.160 2.471 1.144
0 120.6 2.144 2.464 1:149
0 151.1 1.987 2.406 1.211
0 151.1 2.086 2.448 1.174
0 181.5 2.138 2.587 1.210
0 181.5 2.103 2.573 1.223
0 208.8 2.091 3.137 1.500
0 208.8 - . 2.202 3.181 1.445
30.5 93.3 2.338 3.308 1.415
30.5 120.6 2.160 2,770 1,283
30.5 151.1 2.657 2.851 1.073
30.5 151.1 2.099 2.618 1.247
30,5 181.5 2.198 : 2.735 1,244
30.5 208.8 2.354 3.316 1.408
45.7 93.3 T 2.340 3.300 1.410
45.7 120.6 2.266 2.960 1.306
45.7 151.1 2.202 - 2.933 1.332
45.7 181.5 2.250 2.948 1.310
45.7 208.8 2.392 3.437 1.437
61.0.. 93.3 2.370 3.895 1.644
61.0 120.6- 2.385 3.759 1.576
61.0 151.1 2.419 3.547 1.466
61.0 181.5 2.358 . 3.620 1,535
61.0 208.8 2.347 3.749 1.598
84.5 93.3 2.166 4.216 1.947
84.5 120.6 2.235 4,178 1.869
84.5 151.1 . 2.579 4,386 1.701
84.5 151.1 2.653 4,419 1.665
84.5 181.5 ©2.202 . 4,188 1.902
84.5 208.8 2.236 4.106 1.837
87.6 93.3 2.172 4.429 2.039
87.6 120.6 2.662 4.812 1.808
87.6 151.1 2.812 4.876 1.734
87.6 181.5 2.687 4,821 1,794
87.6 208.8 2.118 4.075 1.924
90.8 93.3 1.851 4.550 2.458
90.8 120.6 2.722 . 5.588 2.053
90.8 120.6 2,646 5.558 2.101
30.8 151.1 Z.407 5.603 2,328
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TABLE 5.5

(Continued)

Location Infinitely Dilute Foil Activity c .
admium
Radial Axial Cd Foil Activitg Bare Foil Activity "Ratio
(cm) {cm) d/m/gm x 10~ d/m/gm x 10~ {Infinitely Dilute)
g0.8 151.1 2.805 5.758 2.053
90.8 181.5 2.640 5.477 2.075
90.8 208.8 1.818 3.918 2.155
0 89.4 2.534 3.798 1.499
0 74.9 2.522 6.967 2.763
0 59.6 0.562 3.501 42.68
0 29.1 0.008 2.206 272.2
93.2 151.1 2.681 6.258 2.335
107.7 151.1 2.126 7.179 3.377
iz3.0 151.1 0.750 5.529 7.377
138.2 151.1 0.132 3.588 27.10
153.5 151.1 0.018 2.046 114.0
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Configuration 1 (Base Core for Wave Experiments)

TABLE 5.6

Thermal Neutron Flux

»

PRIV NOOOOO-~I=N==NUGuOuu,m

Location

Axial

{cm)

3.3
120.6
151.1
181.5
208.8

93.3
120.6

151.1 .

181.5
208.8
93..3
120.6
151.1
181.5
208.8
93.3
120.6
151.1
181.5
208.8
93.3
120.6
151.1
i81.5
208.8
93.3
120.6
151.1
181.5
208.8
93.3
120.6
151.1
181.5
208.8
89.4
74.9
59.6
44.4
29.1
13.9

Thermal Neutron F‘lu.x

rf cmzlsec-/ watt x 10~

6

. 297
. 366
.493
.529
. 231
.141
.718
. 239
.632
.131
.130
.816
.861
.820
.230
.794
.616
.326
.485
.650
.411
. 283
.881
.388
.200
.655
.531
.429
.510-
.301
177
.373
.760
.338
.714
.487
.230
.625
021
. 587
.299
191
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TABLE 5.6

{Continued)
Location

Radial Axial Thermal Neutron Flux
(cm) (cn) m/ crnz/sec/watt x 1076

93.2 151.1 4,221

107.7 151.1 5.945

123.0 151.1 5.625

138.2 i51.1 4.068

153.5 i51.1 2.387
168.7 i51.1 1,030

183.9 151.1 0.024
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2 ‘1L~—Cell number_
1 3/
5 6 7 8
4 - 9
16 11 12 13 14 15 16 17
i
18 19 20 21 22 23 24 25
26 31 ]
27 ' 28 29 30
32 33 34 35
36 . 37
Fig. 5.1 Cross section view at separation plane of cell arrangement

of modified core structure
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Cell boundar y-——— ——Fuel element number
y i within a given cell.

1 (23 )45 |6 |78
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3)a 2|5 |6 |7 |8 s |6 |7 |85 |6]7|8]5]6|7]8)2{i3]|4
5 16130 |10|11{12]9 [10]11]1289 |10{a1f12)9 |10 |02]12f3 {5

7 1804 f13{14}15]1613 | 14| 15] 164 131415 |16f 13|14 |15(16]4 {7 |8
1(zfr v |23 jafi|2f3fjafrjziz|afr|2]|3|a]1}1}2
314 (2}516|7 |s)si6 |7 |85 j6)7]elsjelr1]8]2i3]|4
516 {39 |10|11{12}9 {1011 (12§99 |0 {11{12]9 | |1x|12]3 }5 |6
7] e b4 |13f14 (1516813 |14 (15 ({16813 |14 {15 {16} 1314 (151644 |7 |8

13114 1 15116 813 [14 [15 |16 513 [14 15 |16 J 13|14 | 15]16

Fig. 5.2 Cross section view at separation plane of fuel element numbers
in the several cells of the modified core structure
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6.0 CONFIGURATION 2 (Three, 7.3 cm waves, fuel addition)

The fuel waves associated with Configuration 2 are shown in
Figure 6.1. As noted from this figure, there were three waves and the
reactivily worth of each was measured. These waves were a single
stage of fuel (7.3 cm) square and formed an annulus around the active
core, Special fuel elements were constructed to hold the fuel. These
provided the same fuel dimensions as the normal fuel elements but
differed in length and weight of structural material., The fuel for the
single stage waves was placed in 14,6 cm long fuel elements with fuel
occupying about half of the element. Three stage elements were also
made for 22cm wave measurements. The fuel was loaded in the elements
to the same number of sheets of fuel per stage as the normal core and
with the three different fuel orientations. Thus, average fuel density
was preserved in the fueled region. The short fuel.elements compon-
ent weights are as follows:

14.6 cm long 22.1 cm long
elements elements
Bare element- 41.075 gm 55.87
Lid 8.75 gm 13.05

Each Spacer (4 per element) 3.46 gm (6 per element 3.46)

Type 1100 aluminum was used for all of the fuel element parts.

The base core for these wave experiments was as'described in
Section 5.0. There were 30,5 kg of uranium in the active core.

6.1 Rod Worth Measurements

Several rod worth measurements were obtained during the course
of the fuel wave experiments. Rather than present the rod worth measure-
ments for each major configuration under individual sections, all the data
will be given at this point. The test results were normally based on
average rod worths where it was necessary to compute k-excess. Table
6.1 contains the rod worth data through Configuration 5.

6.2 Aluminum Worth

The fuel waves were created by placing fuel in short aluminum
fuel elements, as has already been explained. It was necessary, there-
fore, to know the worth of aluminum in each of the waves so that the
effect of the addition of uranium or the change in location of uranium
could be determined. Several measurements were made to determine
the worth of the short fuel elements at several axial locations corres-
ponding to wave position. Both one and three stage wave measurements
were obtained with and without the fuel spacer and lids in the fuel elements.
These data are given in Table 6.2 and Figure 6.2. Some of the early
measurements with the shortest elements, void of spacers or lids, gave
values which were much more negative than later measurements at or
near the same locations. No reason for this difference could be found.
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The data also indicate the Al in the short fuel element without lids and
spacers to be more negative than when the lids and spacers were in the
element., This, however, was not observed with the larger wave con-
figurations. When it was necessary to correct for the Al in the wave data,
the curve through the data taken with a complete fuel element (fuel, lid, and
spacer) was used.

Ideally, it would have been preferable to make the base measure-
ments with empty cans in the wave positions, thus automatically correct-
ing for aluminum worth. Though this method was employed on a few
ocassions, in practice it was generally not practical, either because of
shortage of aluminum cans or because in the alternation, there was
excessive operational inefficiency in removing cans to the loading room
for fuel additions while the reactor stands idle.

6.3 Reactivity Worth of Waves

The three waves shown in Figure 6.1, were designated Con-
figurations 2A, 2B, and 20. Each of these represent a wave at a dif-
ferent axial position as noted in Figure 6.1. In each case the complete
wave was formed by placing fuel in the locations noted in Figure 6. 3.
There were 48 fuel elements in the wave with an average of 3.5 size
1.0 fuel sheets per element. Placing the wave around the active core
added 441 gm of uranium to the cavity and resulted in the following
increases in reactivity: -

Configuration Reactivity Worth (%Ak)
24 0.725 +0,029
2B 0,525 £0.040
2C _ 0.524 0,049

The highest value associated with Configuration 2A was at the
location at the extreme end of the core were a larger number of neutrons
from the end reflector could come in contact with the wave without passing
through a portion of the normal active core,

-76-



TABLE 6.1
Rod Worths

Fuel Wave Experiments

Actuator Combinations and Their Reactivity Worth (%Ak)
Run No. 3 & 6 (6 rods) 1to 6 (17 rods) 1to 8 (23 rods) 1 tol2 (31 rods)

576 -1.2589

578 ~1.2469

579 -1.2553

580 ~1.1995

582 -1.2371

583 -1.2324

585 -1.2446

586 -3.972

587 -3.911

589 -5.101
590 -5.010
591 -5.124
605 -1.2626

606 -1.2556

609 -1.2429

615 -3.281

616 . -1.2441 :

618 -1.2721

619 -1.2898

622 -1.2926

624 -1.2710

626 -1.2015

630 -1.2176

631 ~1.2601

633 -1.2300

648 4,281

651 -4.114

653 -5.162
654 ~4.964
averages —1.248120.0254  -3.281 TZ.070%0.165 T5.07240.082
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Aluminum Worth Measurements

TABLE 6.2

Fuel Wave Experiments

Distance
From Aluminum Reactivity Aluminum
Separation Wave Weight Change Worth 5
Run No. Plane (cm) Location {gm) {%ak) {%Ak/gm)x10
577 7.6 2A {6 in. boxes) 1807.3 -0, 05440, 007 ~3.01%0. 39
593 il.4 34 (9 in. boxes) £793.5 -0.0475%0.007 -1.7020,25
595 7.6 24 (6 in. boxes) 2382.4 ~0.0538x0.007 -2, 260, 30
596 43.6 2B (6 in. boxes) 2382.4 ~-0.0742+0, 007 -3.11x0.30
597 80.6 2C {6 in. boxes) 2382.4 -0.077620.007 ~3.260. 30
599 11.4 3A (9 in. boxes) 2458.3 -0.0408=20, 007 ~1.66x0.28
621 51.6,-109.6 4C (6 in. boxes) 3729.0 -0.101420,014 ~2.72+0, 38
622 51.6, 108.6 4G (6 1in. boxes) 3284.0 ~0.0842+0,014 -2.56+0.38
601 58.4 3B {9 in. boxes) 2178.9 -0.0510+0.007 -2.3440.32
602 58.4 3B {9 in. boxes) 2458.3 -0.059040, 007 -2.40£0, 28
603 80.6 2C-(6 in. boxes} 2382.4 -0.0835%0. 007 -3.50%0,29
Used base from previous day
635 7.6 2A, 2547.0 -0.0475+0. 007 -1.864x0,274
636 25.6 Over stages 3 and 4 2547.0 -0.0485+0.007  -1.904x0,274
637 105.9 Over stages 14, 15 2547.0 -0.0674+0, 007 ~2.54620._274
642 51.1 Over stages 7 and 8 994 -0.:0224x0, 007 -2.25x0.70
. (spacers & lids)
643 51.1 Over stages 7 and 8 1807 -0.04840, 007 -2,680.39
{cans only)
645 11.4 Over stages 1,-2, 3 3945 -0.061820, 005 =1.5740,14
646 11.4 Over stages 1, 2, 3 1487 ~0,024520.007 -1.65x0.49
{spacers & lids)
647 l11.4 Over stages 1, 2, 3 2458 ~0.037340, 005 -1.52+0.,2}

{cans only)
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7:0 CONFIGURATION 3 (Two, 22 cm waves, fuel addition)

Configuration 3 waves are shown in Figure 7.1. These waves
were three stages square (21.9 cm) and the single wave was measured
at two axial positions. Because of the large amount of fuel ihvolved in
adding the total wave and the limited woxth of the control system, it was
not feasible to add the complete wave. Half of the wave was added, however,
and from this an extrapolation was made to the total wave., Measurements
on 1/4 and 1/2 of the full wave showed essentially a linear dependence, and
thus a linear extrapolation to a full wave is warranted. The positions of
the fuel elements in the wave are shown in Figure 7.2. The worth of the
complete 360° fuel waves were as follows:

Configuration Reactivity Worth (%Ak)
3A 6.136 £0,159
3B 5.743 0,126

These values are for a complete wave extrapolated linearly from
the worth of 180 degrees of the waves. Each full wave represents an
addition of 4.84 kg of uranium to the cavity region., The fuel elements
were loaded with an average of 3.5 size 1.0 fuel sheets per stage. As
noted earlier on the smaller waves, the worth of the wave is less near
the center than at the end.
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8.0 CONFIGURATION 4 {7.3 cm waves, no addition of fuel)

8.1 Reactivity Measurements

The initial wave experiments required the addition of fuel to the
outer boundary of the core which might occur in an operating reactor if the
fuel were injected into the reactor near the outer portion of the active core.
Another type of wave, which would be more likely to occur, is one with a
crest and t;ouéh much the same as on the surface of water. As such a wave
develops at the outer edge of the active core, the total fuel loading would be
conserved. Configuration 4 waves, as shown in Figures 8.1 to ‘8.4, were
designed to evaluate this type of wave where the crest and .trough were each
one stage of fuel square. Figure 8.5 shows the fuel element positions involved
in the measurements. A single wave (Configuration 4A) required the relocation
of 403 gm of fuel from just within the ordinary boundary of the active core to
just outside this boundary. The double waves (Configurations 4B and 4C)
relocated 806 gm of uranium and the triple wave {Configuration 4D} relocated
1209 gm of uranium.

The reactivity woxth of these waves was as follows:

Configuration Reactivity Worth (%Ak)
4A 0.243 £ 0,027
4B 0.433 0,017
4C ) 0.222 £ 0,027
4D 0.532 £ 0,024

It will be noted here that there was a large difference between
4B and 4C and yet they were both double waves. In order to better under-
stand what was happening, Configuration 4A was reversed so that the void
within the active core was at the separation plane and the portion of the
wave extending beyond the active core was over stage 2. This caused &n
increase in excess reactivity of 0.122 =+ 0.017%Ak. This increase was
only half the amount noted above for Configuration 4A and explains in part
‘the difference between 4B and 4C. The center wave of Configuration 4D
was also measured to be worth 0.214 + 0.013%Ak.

The sum of the single waves do not equal the worth of the multiple
waves. In each case where there were single waves to compare with, the
worth of the multiple waves was always less than the sum of the individual
waves.

It should also be noted from the above data that Configuration 44
was worth more than the center wave of 4D. This same relationship occurred
for Configurations 2 and 3. DBased on these results and the aluminum worths,
it appears that the separation plane is a unique area and not like the other end
of the core. Of course the reactor was not structural symmetrical with respect
to the two ends. There was a 30.5 cm hole through the center of the end
reflector at the separation plane end, while no such hole existed at the other
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end of the reactor. There was also a gap of about 1.2 cm between the
two tanks plus 540 kg of aluminum in the plates of the two tanks at the
separation plane.

8.2 Power Distribution Measurements - Bare Catcher Foils
Configuration 4D was powér rnapped with both bare and cadmium
covered catcher foils within the cavity region. These data are given in
Table 8.1. Only a few cadmium covered foils were exposed and these are
given at the end of Table 8.1 along with the resultant cadmium ratios.

Figures 8.6 and 8.7 show the axial and radial power profiles
normalized to the center of the core, The axial profiles shown in Figure
8.6 were averaged and these averages were used to produce the radial
profile in Figure 8.7. The'volume weighted average for the active core
was 1,99 with respect to the core center. Figure 8.6 distinctly shows
the effects of the waves. The distribution at 53.3 cm from the center of
the core was at the inner surface of the void region while the profile at
68.6 cm was at the outer surface of the portion of the wave extending
beyond the normal active core boundary, -which was at 61.0 cm from the
center of the core. The catcher foils were nominally 1,43 cm in diameter
and thus represent an integrated power over the foil cross section. Some
portions of the waves show steep power gradients which are somewhat
undefined because of the relatively large foils, However, finer resolution
(use of smaller foils) to obtain better detail did not seem justified since
the dispersal of fuel sheets in the waves is a significant factor affecting
the observed power distribution. The importance of fine resolution of power
distribution effects in an operating power reactor is not as great in a
gaseous core as in a solid core since variations in temperature at oxr
near the core boundary will likely have little effect on the temperature
distribution in the structural material,

It is interesting to note that where the trough in the wave comes
at the end of the core and the fuel wave crest follows in the next stage of
the fuel element, there is a considerable depression in power over the
void region., This does not occur on waves in which the reserve order of
crest and trough exists, i.e., where the trough portion of the wave is
in the second stage of fuel from end of the core, while the crest is at the
very end at the separation plane. These observations accounts for part
or all of the reactivity difference noted between Configuration 4A and its
reverse wave,

The 823.2 gm of u*3% in the radial reflector fuel annulus gen-
erated 2.09 watts of power or 0.136 of the total core power. Extrapola-
ting to 1 kg of fuel in the annulus gives a power fraction of 0.160.

All of the power mapping was performed at an average DO

temperature of 26°C., Actuators 1, 2, and 3 were fully withdrawn
and Actuators 4, 5, and 6 were equally withdrawn 9.8 cm on the average.
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8.3 Catcher Foil Cadmium Ratios

As stated in the previous section, cadmium covered catcher foil
data were minimal and are given at the end of Table 8.1. These values
were plotted in Figures 8.8 and 8.9. At the core center the ratio was
6.2 and this increased to 17.0 at the outer edge of the fuel {61.0 ¢m from
the center of the core). It will be noted from Figure 8.8 that at the radial
center of the reactor, the separation plane had a cadmium ratio of 15.2
while the opposite end of the core showed a ratio of 10.9. The hole in the
center of the movable tank which simulates the exhaust nozzle allows addi-
tional thermal flux to reach the core and causes the higher cadmium ratio
at the separation plane.

8.4 Resonance Detector Data - Bare Gold Foils

Both bare and cadmium covered gold foils (0.0005 cm thick) were
exposed in the cavity and reflector regions of this reactor. The data were
obtained in five exposures and each exposure was power normalized to the
first run (Run 1143) as shown in Table 8.2.

All of the gold foil data are given in Table 8.3. Figures 8.10
and 8.11 show the relative bare gold foil distribution within the cavity.
As with the catcher foils, the axial profiles were averaged and the averages
were plotted to give the radial profile., The volume weighted average over
the active core was 1.223 normalized to 1.0 at the center of the core. The
gold foil detail around the waves was less than the detail with catcher foils
since the power distribution was of the most interest.

) Both the bare and cadmium covered gold foil distributions within
the reflector regions are presented in Figures 8.12 and 8.13. The peak
bare foil activity is about the same in the two reflectors.

8.5 Gold Foil Cadmium Ratios

The gold foil cadmium ratios are given in Table 8.4 and are plotted
in Figures 8.14, 8.15, and 8.16. The values given here are based on
infinitely dilute foil activities. In the cavity the data fall within 5% of a
smooth curve butthereis larger data scatter than this in the reflector
regions because of the lower epi-thermal fluxes. No repeat measurements
were made to resolve the points with apparent anomalous results.

8.6 Thermal Neutron Flux

Where both bare and cadmium covered gold foil data were ayailable,
thermal neutron flux was calculated and reduced to neutrons per cm per
second per watt of active core power. The power generation rate in the fuel
annulus was not factored into the core power when normalizing the data. The
calculated values are presented in Table 8.4 and Figures 8,17 and 8.18.
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TABLE 8.1
Catcher Foil Data

Wave Configuration 4D

Location

Foil Radial Axial Normalized
No. Type (cm) {cm) Counts ~ Local to Foil {X)
Run 1143 L )
1 Bazre 0 93.3 48740 2.083
2 Bare 0 105.3 40550 1.733
3 Bare 0 120.6 26629 1.138
4 Bare 0 135.8 24957 . 1.066
5 - Bare 0 . 151.1 23403 1.000 (X)
6 Bare 0 166.3 25075 1.071 -
i Baxre 0 181.5 29214 1.248
8 Bare 0 196.8 35731 1.527
9 Bare 0 208.8 62799 2.683
10 Bare 30.5 83.3 568156 2.428
11 Bare 30.5 105.3 . 39189 1.675
12 Rare 30.5 120.6 31805 1.359
13 Bare 30.5 135.8 32206 1.376
14 Bare 30.5 151.1 30848 1.318
15 Bare 30.5 166, 3 32959 1.408
16 Bare 30.5 181.5 32858 1.404
17 ; Bare 30.5 196.8 39789 1.700
i8 Bare 30.5 208.8 56776 2.426
19 Bare 53.3 93.3 79222 3.385
20 Bare 53.3 96.3 70936 3.031
21 Bare 53.3 101.1 48624 2.078
22 Bare 53.3 105.3 56591 Z2.418
23 Bare 53.3 120.6 57769 2.468
24 Bare 53.3 135.8 49124 Z2.099
25 Bare 53.3 147.4 55203 2.359
26 Bare 53.3 141.1 51203 2.188
27 Bare 53.3 154.7 56947 2.433
28 Bare 53.3 166.3 49082 2.097
29 Bare 53.3 181.5 47516 2.030
30 Bare 53.3 198.5 68447 2.925
31 Bare 53.3 205.8 70600 ) 3.017
32 Bare 53.3 208.8 70390 3.008
33 Bare 61.0 93.3 83322 3.560
34 Bare 61.0 96.3 85351 3,647
35 Bare 61.0 101.1 74289 . . 3. 174
36 Bare 61.0 105.3 68564 2,930
37 Bare 61.0 120.6 8l362 3.477
38 Barxe 61.0 135.8 81932 3.501
39 Bare 61,0 147 .4 81434 3.480
40 Bare 61.0 151.1 71891 3.072
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TABLE 8.1

{Continued)
Location

Foil Radial Axial Normalized :
No. Type {cm) {cm) - Counts * Local to Foil (X)
Run 1143 {(Cont'd)
41 Bare 61.0 154.7 66271 2.832
42 Bare 61.0 166.3 72358 3.092
43 Bare 61.0 181.5 76950 3.288
44 Bare 61.0 198.5 79273 3. 387
45 Bare 61.0 205.8 76775 3,281
46 Bare 61.0 208.8 79736 3.407
47 Bare 68.6 93.3 97868 4,182
48 Bare 68.6 96.3 97597 4.170
49 Bare 68.6 101.1 91939 3.929
50 Bare 68.6 105.3 83764 3.665
51 Bare 68.6 120.6 80572 3.443
52 Bare £8.6 135.8 81298 3.474
53 Bare 68.6 147.4 83480 3.567
54 Bare 68.6 151.1 82209 3.513
55 B re 68.6 154.7 84227 3.599
56 Bare 68.6 166.3 918238 -3.924
57 Bare $8.6 181.5 83125 3.552
58 Bare 68.6 198.5 38545 1.647
59 Bare 68.6 205.8 86433 3.693
60 Bare 68.6 208.8 92471 3.951
Run 1146
1 Bare 15,2 93.3 49751 2.126
2 Bare 15.2 105.3 32899 1.406
3 Bare 15,2 120.6 29144 1.245
4 Bare 15,2 135.8 26200 1.120
5 Bare 15.2 151.1 24725 1.056
6 Bare 15.2 166.3 24833 1. 061
7 Bare 15,2 181.5 31713 1.355
8 Bare 15.2 196.8 34951 1.493
9. Bare 15.2 208 .8 53050 2.267
10 Bare 45,7 93.3 62957 2.690
11 Bare 45,7 105.3 49432 2.112
12 Bare 457 120.6 44071 1.883
13 Bare 45.7 135.8 40980 1.751
14 Bare 45.7 151.1 46881 2.003
15 Bare 45.7 166.3 39795 1.700
16 Bare 45.7 181.5 41865 1.789
17 Bare 45.7 196.8 49665 2.122
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TABLE 8.1

(Continued)
) Location
FOll_ Radial -. Axial Normalized .

No. Type {cm) - {cm) Counts - Local to Foil (X)
Run 1146 (Cont'd)
18 . DBare 45.7 208.8 64747 - 2.767
19 Bare 76.2 93.3 101114 4,321
20 Bare 76.2 105.3 99756 4,263
21 Bare 76.2 120.6 96012 4,103
22 Bare 76.2 135.8 99977 4,272
23 Bare 76.2 151.1 95305 4.072
24 Bare 76.2 166.3 91963 3.930
25 Bare 76.2 181.5 - 98181 4.195
26 Bare 76.2 196.8 89018 3.804
27 Bare 76.2 208.8 . 94002 4,017
28 Bare 91.4 93.3 142711 6.098
29 Bare 91.4 105.3 147299 6.294
30 Bare 91.4 120.6 149283 6.379
31 - Bare 91.4 135.8 162229 6.932
32 Bare 91.4 151.1 151059 6.455
33 Bare 91.4 166.3 159662 6.822
34 Bare 91.4 181.5 148893 6.362
35 Bare 91.4 196.8 128626 5.496
36 Bare 91.4 208.8 123030 5.257
Run 1147
1 Bare 86.3 93.3 134967 5.767
2 Bare 86.3 105.3 124428 5.317
3 Bare 86.3 120.6 121660 5.199
4 Bare 86.3 135.8 . 125228 5.351
5 . Bare 86.3 151.1. 121477 . 5.191
6 . Bare 86.3 166.3 133615 5.709
7 Bare 86.3 181.5 134114 5.731
8 Bare 86.3 196.8 114773 4.904
9 __Bare 86.3 208.8 113833 4,864
10 .Bare 111.1 - ., 128.2 260360 11.13
11 Bare 111.7 -, 128.2 254862 10.89
12 . - Bare 111.1 151.1 268112 11.46
i3 . Bare 111.7 151.1 250379 10.70
14 Bare i11.1 174.0 239830 10.25

7 174.0 241664 10.33

15 Bare 111.
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TABLE 8.1

(Continued)
Location - .
Foil Radial Axial Normalized .

No. Type {cm) (cm) Counts Local to Foil (X)
Run 1144 - .

1 Cd 0 93.3 4462 10.9
2 Cd 0 120.6 4084 ’ 6.5
3 Cd 0 151.1 3747 6.2
4 Cd 0 181.5 4129 7.1
5 Cd 0 208.8 4157 15.1
6 Cd 30.5 151.1 3904 7.9
7 Cd 61.0 151.1 4221 17.0
8 . Cd 91.4 151.1 5063 29.8
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TABLE 8.2
Power Normalization Factors

Configuration 4D

Decay Corrected
Count Time  Decay Counts per Counts per Norm.
Run Ng, Time (min) Factor  Minute Minute Factor
1143 1207.8% 64.5 .1.353 186290 252050
.1209.81 66.5 1.406 178942 251592
1211.81 68.5 1.460 172902 252437
- - 0 252026 1.000
1144 1453.23 60.5 1,258 - 199784 251328
1454.83 62.1 1.288 193392 249089
1457.23 64.5 1.353 184764 249986
250134 1.008
1145 1627.84 36.5 -0.705 358046 252422
1629.84 38.5 0.746 337807 252004
1631.84 40.5 0.788 320312 252406
252277 0.999
"1146 1105.09 69.0 1.473 170653 251372
1107.09 71.0 1.527 165366 .252514
1109.09 73.0 1.580 161082 254510
: 252799 0.997
1147 1510.32 57.5 1.182 212188 250806
1512.32 59.5 1.232 203784 251062
154.32 61.5 1.284 195968 251623
- 251164 1.003
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TABLE 8.3

Gold Foil Data

Configuration 4D

Location .
Foil . . Foil

Radial Axial Weight
No. Type {cm) {cm) {gm)
Run 1143
1 Bare 0 89.4 0.0169
2 Bare 0 74.9 0.01995
3 Bare 0 59.6 0.0164
4 Bare 0 44.4 0.0208
5 Bare 0 ©29.1  0.0187
6 Bare 0 13.9 0.0185
7 Bare 0 0 0.0160
8 Bare 93.2 151.1 0,0168
9 Bare 107.7 151.1 0.0161
10 Bare 123.0 151.1 0.0212
11 Bare 138.2 151.1 0.0179
12 Bare 153.5 151.1 0.0186
i3 Bare 168.7 151.1 0.0221
i4 Bare - 183.9 151.1 0.0198
Run 1144
1 Cd Cov. 0 89.4. 0.0168
2 Cd Cov. 0 59.6 0.0181
3 Cd Cov. 0 29.1 0.0173
4 Cd Cov. 93,2 151.1 0.0169
5 Cd Cov. 123.0 151.1 0.0133
6 Cd Cov. 153.5 151.1 0.0172
Run 1145
1 Cd Cov,. 30.5 161.1 0.0140
2 Cd Cov. 45,7 151.1 0.0162
3 Cd Cov. 61.0 151.1 0.0165
4 Cd Cov. 76.2 151.1 0.0184
5 Cd Cov. 91.4 151.1 0.0184
6 Bare 86.3 93.3 0.0174
7 Bare 86.3 105.3 0.0206
8 Bare 86.3 120.6 0.0156
9 Bare 86.3 135.8 0.G158
10 Bare 86.3 166.3 - 0.,0166
11 Bare 86.3 181.5 0.0182
12 Bare 86.3 196.8 0.0142

Specific Activity-
d/m/gm x 10~

Local
to

Foil
(X)

OO - OEMNWIHDMOMOONWL O

o b s i O e

.650
.235
.261
.471
. 055
. 942
.125
. 090
.864
.802
.434
.076
.042
.150

422
.306
.008
.683
. 440
. 010

.329
.301
.393
499
.569
.864
.024
. 288
. 399
. 388
. 092
.861

(1)

1)

NNV VIV

. 297
.392
.549
.615
.609
433
.295
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TABLE 8.3

{Continued)
. : . Local
Foil Location Foil to
Radial Axial Weight Specific Activity  Foil

No. Type {cm) {cm) (gm) d/m/gm x 10 (X)
Run 1145 {(Cont'd)
13 Bare 86.3 208.8 0.0210 3.323 1.976
Run 1146
i Cd cov 0 T74.9 0.01355 1.2.88
2 Cd cov 0 4% .4 0.0171 0.071
3 Cd cov 107.7 151.1 0.0191 1.181
4 Cd cov 138.2 151.1 0.0136 0.050
5 Bare ¥ 93.3 0.0167 2.184 1.298
6 Bare 0 105.3 0.01975 1,737 1.033
7 Bare - 0 120.6 ‘0,01165 1.831 1.089
8 Bare 0 135.8 0.0156 1.654 0.983
9 Bare 0 151.1 0.139 1.682 1.000 (X)
10 Bare 0 166.3 0.0202 "1.514 0.900
11 Bare 0 181.5 0.0189 1.709 1.016
12 Bare 0 196.8 0..0136 1.961 1.166
13 Bare 0 208.8 0.0163 2.332 - 1,386
14 Bare 30.5 93.3 0.0158 2.422 1.440
15 Bare 30.5 105.3 0.0171 1.906 1.133
16 Bare 30.5 120.6 0.0134 1,925 1.144
17 Bare 30.5 135.8 0.0196 1.7%7 1.021
18 Bare 30.5 151.1 0.0178 1.752 1.042
19 Bare -- 30.5 166.3 0.0190 1.721 1.023
20 Bare 30.5 181.5 0.0180 1.796 1.068
21 Bare 30.5 196.8 0.01625 1,954 1.162
22 Bare 30.5 208.8 0.0205 2.228 1.325
Run 1147
1 Bare 0 82.5 '0,0198 3.838
2 Bare 0 67.2 - 0.0149 5.808
3 Bare 0 52.0 0.0123 4,327
4. Bare 100.1 '151.1 0.0203 6.336
5 Bare 155.4 - 151.1 0.0182 5.987
6 Bare -130.6. 151.1 ‘0.0163 4.354
7 Cd cov 0 93.3 0.0180 1.325
8 Cd cov- 0 120.6 0.0200 1.192
9 Cd cov 0 151.1 © 0.0200 1.056
10 Cd cov 0 181.5 0.0146 1.274
11 Cd cov 0 208.8 0.0151 1.282
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TABLE 8.3

{Continued)
: Local
Foil Location Foil to

Radial Axial Weight  Specific Activity - Foil
No. Type (cm) (cm) (gm) d/mfgm x 10~ (X))
Run 1147 (Cont'd) ’
12 Bare 45.7 93.3 0.0162 2.498 1.485
13 Bare 45.7 105.3 0.0175 2.145 1.275
14 Bare 45.7 120.6 0.0176 1.959 1.165
15 Bare 45.7 135.8 0.0155 1.953 1.161
16 Bare 45,7 151.1 0.0175 1.976 1.175
17 Bare 45.7 166.3 0.0157 2.018 1.200
i8 Bare 45.7 181.5° 0.0193 1.918 1.140
19 Bare 45.7 196.8 0.0185 2.132 1.268
20 Bare 45.7 208.8 0.0155 2.452 1.458
21 Bare 61.0 93.3 0.0164 2.890 1.718
22 Bare 61.0 105.3 0.0191 2.518 1.497
23 Bare 61.0 120.6 0.0184 2.597 1.544
24 Bare 61.0 135,8 0.0175 2.656 1.579
25 Bare 61.0 i51.1 0.028 1.912 1.137
26 Bare 61.0 166.3 0.0159 2.625 1.561
27 Bare 61.0 i81.5 0.0185 2.629 1.563
28 Bare 61.0 196.8 0.0136 2.744 1.631
29 Bare 61.0 208.8 0.0174 2.753 1.637
30 Bare 76.2 93.3 0.0159 3.252 1.933
31 Bare 76.2 105.3 0.0211 3.066 1.823
32 Bare 76.2 120.6 0.0182 3.217 1.913
33 Bare 76.2 135.8 0.0154 3.133 1.863
34 Bare 76.2 i51.1 0.0172 3.218 1.913
35 Bare 76.2 166.3" 0.0169 3.156 1.876
36 Bare 76.2 ig8l.5 0.0166 3.162 1.880
37 Bare 76.2 196.8 0.0167 3.032 1.803
38 Bare 76.2 208.8 0.0167 2.998 1.782
39 Bare 91.4 93.3 0.0186 3.556 2.114
40 Bare 91.4 105.3 -0.0152 4,009 2.383
41 Bare 91.4 120.6 0.0139 4.260 2.533
42 Bare 91.4 135.8 0.0187 4,324 2.571
43 Bare 91.4 151.1 0.0191 4.313 2.564
44 Bare 91.4 166.3 0.0192 4.264 2.535
45 Bare 91.4 181.5 0.0184 4.092 2.433
46 Bare 91.4 196.8 0.0175 3.769 2. 241
47 Bare 91.4 208.8 0.0211 3.294 1.958
(1) These two values were interchanged as it was apparent that the foils

were not properly identified.

in good correlation with the other points.

Interchanging these two foils results
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TABLE 8.4
Gold Foil Cadmium Ratipé and Thermal Flux

Configuration 4D

" T Location 2 ]
-Radial - Axial n/cm®/sec/watt
. {cm) (cm) Cd Ratio {(x 1077)
.0 29.1 144,539 2.391
0 44.4 28.005 3.977
0 59.6 9.923 5.775
0 74.9 3.409 . 5,962
"0 89.4 1.490 1.433
93.'2 151.1 2.143 3.966
107.7 151.1 3.119 5.395
123.0 151.1 7.151 5.170
138.2 ©151.1 42.147 3.958
153.5 151.1 117.130 2.414
.30.5 151.1 1.238 0.613
0 45.7 151.1 1.312 0.828
61.0 151.1 1.312 . 0.892
76.2 151.1 1.617 1.967
"91.4 151.1 1.967 3.229
0 93.3 1.344 0.963
0 120.6 1.182 0.476
0 151.1 1.246 0.568
0 181.5 1.252 0.632
0 8 1.496 1.264

208.

-96 -



.[—'-C_avity wall

/—Fuel wave ctive core

"
=
-
o=t
ﬂ‘ 13
— Core centerline
oo
o
joa)
nd
1 ¥}
o
.
O
7}
4
. "'j -
=t 4
| 7.3 cm
X ¥ _
7.3 c¢m
£ 11
| B T (8] tars:
o
~

Fig. 8.1 Configuration 4A wave. 7.3 cm amplitude, no net fuel
addition

-97-




/—-C avity wall

J ~=Fuel wave Lo /'—Fuel wave ,~Active core

E

2]
o
o 1
[l
fo N
T'g". P —— —— — Core centerline * -
01':;
o
=
e
1.-D-¢
o]
[#5]
}
L 4] - Q
w0y e anne IERAZ N oot
1) e
l 7.3 cm . .
7.3 cm Do
a1 1 £
g O e iy O e
o) oy
! .
P~ t~ 3
e 58 cm ———

Fig. 8.2 Configuration 4B wave. 7.3 cm amplitude, no net
fuel addition
-98-



Active core

——Cavity wall

.

. S'epatation|plane

Corec centerline

/—-Fuel wave-———\

£ &
U Q,
- g
J 7.3 cm i
7.3 c:rnT
! e g 4—T > g"""
) "o
e — 43 cn —————= & ™~
- 102 cm -

Fig. 8.3 Configuration 4C wave. 7.3 cm amplitude, no net fuel

addition

-99-




»
T
.
3
Y
A
3
LI
i %
§ o
PR
PR
v
N
. -
e
T
.
T
B

plane * -

!

tion
EL ]

L

para

Se

.
L o~
s
st
. 3
=
*
#
2>
i
i
{
Y
;
i
<
4
N
1
3
-
*

/——Cavity wall

. - /—‘—Active :
b - . H
1
i . N
}
— Core centerline -
) 0 v 0.
— o e — o e —e oy
i I S l ] - = >
$ i 7.3 em ' . ‘
. E (R TH peig R - -~ P
e b
A B T . ; :
Y 1Ti3 cm R
[t Tu b ——tt (%} b i [#] el
o ™ L2}
= . . : . .
fe——— 5] ¢m ——— T =~
- e 102 cm L

addition

-100-

Co‘;;.ﬁg-urat‘ién@D wave. 7.3 cm am;iiifg}ié‘, ‘no-net fuel




Cell boundary-—-—\

_/—-u—Fuel element numler
3 within a given cell.

NERER RN ERERERE:
1249 l1efnn iz fiz)ua]is{16]1 2
3 |als i 058 % 2af3l4 |5
1 |2 |5 BTSN IRANNNSNIN 2|3 |4
115 |6 N \3 6|l7]8f5(6 |7 §5\\3 71811
N N
2 [ 3|9 KENN12] 9 |10| 1a]12] 9 [10]11 |a2 ] NG 12} 2 | 3
4 |53 :Q\é 15 |16 §13 [ 14| 15| 16 f13 {14 | 15 |16 J 13 )1 RN614 |5
11211 %3 a4 f1 |z |3 |afrj2f3|a]1]2R 2
304 N6 |7 {8 {5 [6 |7 8|5 |6 |7 |8]5]6 |7 :‘\s\? 4
5 |6 RS Slo itfazbe |rol11f1zfe 1011 1z} 9 [10 11%\ 6
7 | o BN 14| 1516 |13 | 14| 15| 164 13] 1415 |16 | 23] 14 |15 R 8
1] 2 zl3lala|2lslafr|z|3|al1|z]s %\g 2
3|4 \\\\ el7|s|s|el7|sbs|e|7|e]ls]6]7 @ 4
5|6 \510 113zt |10 11 [1zf9 |10 |11 |1z] 0 |10 [12 AR 516
L le ls BoiaNs |16 |13 f14 |15 (16 113 {14 |15 [16 | 13214 QNS 4 | 7 | 8
P2 RN s e lzlsali]z]sa] RN} 2
314]s N s [s 167 |efs|e|7]|s]s gl3 |4
5 f9 |10 NN 10 (11 {124 9 10 |11 NN 1112} s
13{14 | 15 B3 N N AR , 14 | 1516,
AR ENRY 4 ; 41213
s-|s /1lzfs|adr|z)spa]e]s
Inner portion of > | 617 5 ! 8\\_ Quter portionof
wave (void). wave.

Fig. 8.5 Cuross sectional view of wave ~ type 4 showing fuel element
locations

-101-



N T S S T Tt R T S ] 1
: i
B - 7 = o EERaEEAsY
: “ B Hfe 5 To0F
H TS O OV M 2 i ! L
i SO NFNO~OOomM . S TH e s
R ML N O A0 g g H T . proa’
3 + 4 4o om e s e e M o PI
H e et 0 ) 0D SO N O =x H 3 ._.-L_ﬁ
H o :
H At ' s T
H [+]
0 e X
E 2 {r:
i E g S R ST
e 8 ] T A S
i X i A
R 3 i I .E” Y
m e d I" %}ll ¥ L3 1
: ..m @ = el
E 2 o e SN B a =
4 H11 ottt H
H \02_57306234”m %ﬁ 3 : R > o
¥ “ o [ T . T o jeaus
H o M) O L D 0D N f v : T RumAL AmEat A B o
§ § TP Ywooroog oy K 3 : e eng ' o, Y
- &2 ]
H _ .0 4 - 2 T O HH
: OqEgRe PO Fim " s o
: HW n N ! proat .0 4
H _ 3 - ) ] S £
HHH : v dHE 1 1 ‘=
“ < Sifiend o
s e : i e o ]
b az s 4 ; S
: .. ] S
:
a. e : m e
wuip 1) ’. I ) 1 &)
5 i ~ % i
% e 5
\ n xS ] |.v.%
1 H-- 7 i 8
||ﬂ 11 s i i r
I 4 =k HEEE i
] 3 A = POk S i {ony
. ] Ve HjHs o f ! AR
t ¥ i : T = Het
X A LT X 13 I TOA
Wmn : s RO ELEE, 2 : Pt
= : e O e TR R, FRET
A=) o o = o o = o © o
o © = N 0 ~f o o) -

ssew 7an7 jrun xad zomod (eIXe saIEIOY

210

196

170

150

130

110

%

Axial positibn - cm

=

nfiguration 4D (3 wav

7.3 cin

€5,

ion, co

8.6 Power distribut

Fig.

-102-

amplitude)



90

80

70

60

50

40

Radial position - cm -

e
: t 1
R
Mk 5 e
; oF HEH
¥ D HH
; y - U HH
T ¥ 4 + Tk
S HE
el .u
T $ I
: : T - e
t + axm e e
s i r e R wnw ey
1 i > R
: % 2 R
+ 1 1% o RYES
H ; aw :
“ H = . i
+ T N R L1}
i il W3 L
- t = %
i T e i3 13
H-+
i T L
] m .
iy £ “ 3 0 L] m
FAabndeEEata it o 3
_ ; H mﬁ.
T : : f ;
"] ri " “ _E
L !
: L : I
t T b ;
I o tEl:
oY o~ |EE
= o~ Fi ; ”
- [l xw= \yH i Eawd i
H ~ O L+
T L 1
HE b n . G }
T IT L EEE i 'y -
» L] i m CEET L
FHH H stbiim . M H 2K
a seand b
31 I A Y -
x T + + H o f_. ] '
= oy b aes sy mart SR ) ¥ e
17wl Pl y E R Ry > wRnd B kvl iy o
FHL : D H : ; 1y &_‘ i
< n T Q 4 } AL
HoE ) e 1 o e H H
Tmxas; Eum o gy
G iz 2 Fd i i
it ih £ g [
i R EEREH S . BR=Ey o HHE
! i 4 s (T O [ A ann
et E Bl TR e e Eana e H i HE
paaaak o 5 B
L < B
oty W sse:
H 7
HEH a5 W
o
o COIE
g ;
pan =] Runn
oo
-
o A -
B ;
e S b
HHH m e
— HEHH T i
o HHT 3 ,
A Y V FH H [ n‘“ MF
..u N 11
¥

6.0

(=]
n

j=}
p o
sgew [ony Nun xad temod [eipea

~103-~

o
a1

aaTyRlRYy

1.0

20

10

Longitudinally averaged power distribution vs radius

Fig. 8.7



210

LK)
1

=]

ru e

RN AR AR

0

Active core

ERARRXIRL NN IREN]

XX
LM N AN KN

PRRREN]
T

THE

L L T

T

16

14

12
10

OB TUNTWIPED [LO] IoYyole

-104-

230

190

170

150

130

110

90

Axial position - cm

configuration 4D

Fig. 8.8 U2'35 cadmium ratio along axis



win e
vailgyrs wany bugn sijpist v o
H{T 1 . i t o
H ] SENESERDaL I Gt 1
ey mp e
O HE RS
uakd
EEHE I H : FEHH i
b1 - 1 HH -
e il
i 4 ua piyzuE !
¥ S HE T JH R ! o
priyaunddissny ARy yany WY mmu. . €0
11 T Eiae HIRHE b e e R
u L%
Lt 41
41
4 1 =
111 RS
Nudd gl o
1
i
wuddnfingy pu ! o
Lt e

3!
A5k

RNESE gy gun

60

T

s i i
T 15l ay [ B e
A g puaat NEn .ﬂ e el

rr
T
i

e
it
1
TT
T
ke
ot
T
i
e
HE
H
it
£
-+
i
#

T

0

5

ik
b
1

LT
fr
L
b
T
T
i
S gy

[ Saial i ® g

" =]
his]uaduies T 2k *
- m e 1.4 3
L ERL L EEE LELER PR LR R R e e Wbl fuy
HA T s e e e e -,M. pi=d bdavd ekl [yeig dndn .,_. rargfynid dfagahgiaayes
b ) E L N A B e el o e e e e e R e e e E
COEF R PR b bk R e :M”__ s gaept barae FEs ki feg i) surdan: o
f— L] NERWEEE NN eei | 4-] bok & bo |4 | L g4 1. NENERY ENNEN
fxapRanl Fraiabusaddoanidnondinnybngnd NEnkd fEns -ru_”‘ o thH b 3
I LET LEE AR - 4 H -] N E 1_ P o
IS LR B ereL P wakRalnad NEh g avad PRasll Fon ]
ENAAY PANAYERA RHERN {-1-] Al . AN [f 2.4 Sebebbd H H14 HA |
B P EEEE S e P R (e H s B e et e e bR e L A
EpeRdpyitayasapdnpypuepyiRaggae higaRac) s ol gl faniu PRl Ry yaulauid g ghNasiun 3
T T R TEERTH R ENEwY AEERRNT AN RARN L AR PR waTyEEa :
Ha U LT UM R L e H e e H R L HL R e e e e M E
b L E B R R R =h HH | 3
HEXumERARE RN [ T aEgay Ewtn R EENAER T o
snadiiviu Eafimatdlsiugeakad phankyaags b ¥ Kabaw i
uk LA T FE TR (R | FRFE ERR R 14T AR T cf 1 Ly o
LH =4 b e bt #5114 i BH 3 14 - i H_I o
HARIANNRSUNERRR QA nwu Ewne i ¥ ANNS . o f4L -t
= - O T e TEEEE [ B P IeRdin
T r Ferr . e T o
FHEEH L b e (TR FHE FE- T H wm
H-1 -1 b 4 H -1 - t1 4§ Hek 12 S ENIE “ i
44 14 -] §-14 - H= bd-r -4 [t TS e i
-1 | H Fl - - - 4t ddad.
1
H S Hat ssxlEjEa uifanigianie s gaats
[T £as T
P

Ea

30

26

~n
o3

w0 ~3
-

10

OB WnTWIPED 10] 19Y2jeD

=105~

Radial position - cm

1l midplane in the cavity

»

ius, axia

Fig. 8.9 y23® cadmium ratio vs rad



Relative gold foil activity

Radial Distance Average
® 0 1.062
A 30.5 1..103
3 45.7 1.207
o 61.0 1. 569
3.2 v 76.2 1.876
. ¢ 86.3 2.462
{5 e O 9.4 2,421
| Normalized to center of core ;
2.8 e : BN e :
: et bl L L Pl
Ehk e e S
e s
2.4 ; j 2
7
whod 5‘1
2.0 [P e : 5
=Y R H I IaeEE:
: i t HRHA
% nyEaE b JE5 T
1.6 |2 o : i i= s
A i ] ifiedii : 2
SR : iR
o N R Lt e i HHE LA
2 M e 1. * :55‘:-- T A+ RE2 y i “'Hﬂl' O
1 ;—{' s -;:: ‘ J.- b _5“ SRR E.! J-""--i- -‘L;-Ee l,
G S e
@i_ wx '-E:.%;;; = . i e i L
0.8
. - 1}
0.4 S Active.core 23 !

90 110 130 150 . 170 190

Axial position ~ em
Fig. 8.10 Gold foil {0.0005 cm thick) activity in cavity

~106-

210




90

80

70

60

50

Radial position - em

40

30

20

Longitudinally averaged gold foil activity in cavity, configuration 4D

10

Fig. 8.11

T
H 1 ; i~
: ik T i
: e 8
L L T
s A re Sy _.< 1 1.
1 1 '] H t 1 ,” =
T + -
. : s T : if
: T BEEET ; il
H r t i
_ ] 3
e
= hi) =1
i EEan HINT w..a
T h n
[T btk ]
T i —_ "
_ . 3 i 0
“ Ay o
: _ X 2
}
r W T
t . ﬂ F
4
t , N
: :
EEaNrteass: ; {
“ 2 T
“ Hh
}
AR 1
T :
: ! :
LT hii o i
(1 1 i ~) "._
SukERyEERY 1 n H
1 . "
— Y
'y I s \ _
gEdis o R Edsmakoun) 2 u ;
el S e e YuEa i m it E
b iaakeEs i 8
pid by b t i ] C
EERknes i ° |
s : 2 |
i L Ha | : - \
e b L ¥ S : 4 s ®
e L Tl_IT +d b L] Ivliwn & 1 3 m J N 1 r
anselanng IRk fr e | - ] i ©
EatiuEanankyunsn by HH e Y O il ©
Py Lo rLEL T I I = I
SRR e HHEE 4 o
ArEagaluguunyypagudnagiineyuyunny v W W
T (FE A e 2 i
L T S ganuh T T - FH
bearded-] e beded "LIED -4 : e NN A
] ] Lid 1.0 ] ] ©h
: ]
TR o ]
EH 2
n >
T 4
e 3 :
2 :
Rk ERi ) _
- o ,
1 o e
m R
L ..
H m It
: i —~ iy
1 0 s
" - i
i
1l
T + Hf
T + le
THe
0. ¥ ~ [- ] < [=)
o ~ o~ - -t -t

A11AT10% 107 PIOT *Atieloy

-107-




Gold foil activity - d/ma/gm x 10°¢

8.0

7.0

6,0

5.0

3.0

2.0

1.0

; s
R Normalized to core power of 13. 3 watts
) ! @ Bare gold
A Cadmium covered gold H
) i H
] NG !
i \ H HH 1
ENAR n} P 3 L
EHE HH nes i
dfadand
antM au 1T 3 I ] CILE
FH i
i ﬁ:: Z=-obiR i 1

20

40 60,

Distance from cavity wall - em

80

100

Fig. 8.12 Gold foil activity and reflector, along axis

~108.-



-6

Gold foil activity ~ ¢/m/gm x 10

T
T
{

8.0¢ : :
7.0 e
: H ; T H
d T ] £ E
2
6.0 B N |
Normalized to core power of 13.3 waits
i HEHH @ Bare gold e
_i:r At A Cadmium covered gold
5.0 fF S HH
HH
ik} i i j—- m
g LT T
N B :H T
4,0 EEanddsiRyied g ;
; i:*" £ i
3.0 L : HH
N
2.0 [ ﬁ__’ : =
1‘ 0 E o
LR & :
0 = f '“h EREENEEREF.E cdiea 1‘_ ;E
0 20 40 60 80 100

Digtance from cavity wall - cm

Fig, 8.13 Gold foil activity in radial reflector, axial midplane

-109-



Cadmium ratio

reauHE AN ———

1.5

1.4 AETEgeamy

1.3

1.2

1.1

90 110 130 150 170 190 210

Axial position - cm

Fig. 8.14 Gold infinitely dilute cadmium ratio along axis in cavity -
) Configuration 4

-110-



i i

]

T o H

()

L

e T

S

ik

o) u—

19

45

B 3

§ i <4

ek

11a}ad 4]

T o

>~ 1

1omg 30 98pe 1910 I

b 41 K ‘ﬂl,t ] H

: it !

: i
11

st : B s i

T S R e

o R S z

TR - v

xm Lt Fer B 3

[o %

FHEEE T B 9 4

FHHIT giigeaisd o H

Ahmus o 1

| 4!

SRRE: " 7 I3 M #*

i i

=} HE FH R wa

|

1.8

=] ~
- -

O1eI WINIWIPE)

-111-

1.2

20

80

70

60

50

40

30

20

10

Radial position ~ cm

Fig. 8.15 Gold infinitely dilute cadmium ratio vs radius on axial midplane of cavity -

configuration 4



Cadmium ratio

E: xid 1
t = H "
= Xy 4+
e t 1:_ i1 I
[1iet] - I3 H FIREN R

}
b T T

T © End reflector | tiniy /;)'
A Radial reflector [{I[{1I] iy 1' 43

Ieit] ey

T [FH

e b
P 1

(141 ] 1T L ILITRNRREY L.l > i H A+ ENRJLER L]
EIT] M ~H 144 | HH 3 El 4 L1 X L] X HST AT
THim npy syt Er n il INEERERLA AN IO i H

T
i3}
1

1
T
The
F

t

t
IT

43
nss

T
. .

A
™

1

t
¥
:
}
£h
+
|
1
1
;
T
;
;
HHEH

e

Lt 4112 410 - RE
9 13
2 " [ LT

0 10 20 30 40 .50 60 70
Distance from cavity wall - ecm

Fig. 8.16 Gold infinitely -dilute cadmium ratios in the reflector -
configuration 4

-112-



.wno._ X uu.m?\uumxmu.ﬂu\ﬂ - X0 uoIInsuU [RLUISYJ,

-113-

‘TL
i ]
MO
Q
+ HH
0 el
O
—t
H by b
0 HH
& R wEE
3] .
-~ m it
H CH Rl
o HH CRE : H
3 ST CHD §
2 St S
t D»n.r“..“
3 o m 853
o O 5 53
% : ‘g T
K »
ya -
: =
£ = EA
9 _ 7
2
H \
Q L1
o,
2 _
bl =
3 it
.Mu.. ._.ﬁn mMmH
aiw b o ok
£ R of
S CHIE odH
& { A
~N 1 ¥
- M
' IE AH“
Q
-
o
&
Ere]
b=
ol
B
It
<o in b ™ o~ j o)

180

160

140

120

100

8Q

60

40

20

Radial position - cm

Thermal neutron flux radial traverse at axial midplané

Fig. 8.17



N

Erel F

tor power b

reac

'per watt of

HIHE
4 " itk
] T I ITE]
H H HiH
4 i : HEiH I
HIE T H
Ha M En bR
u N sifinh
g FE FEEE L
-~ H 5 3
B i ¥ Bet]
H FEER
2 H ! i slafpn !
HHE i t t H H
HixN H 1 r H :
1 N ' H 133 H
.lm tH H 13 HET H B3]
s i : b H [Es e
> 1 R e eyt
El H st B B I R T
g S e
I H i
11 o1 it >y

fral

§wod o34 b ity Sy

'
fan et R N

33 Frrr L e

by

wn-

X J3em=-00g-
g-0t o5 2

-114.

L]

ura fsucIineN

o

129

40

o

16

150

200

220

1 position -~ cm

Axcia

ion 4

configurat

18

18 Thermal neutron flux traverse along axi

8.

Fig



9.0 CON_FIGURATION 5 (22 cm waves, no addition of fuel)

Configuration 5 waves were three stages square and produced both
single and double waves as shown in Figures 9.1, 9.2, and 9.3. As with
Configuration 4 waves, the fuel in the reactor was conserved. Since, because
of the different average radii, the volume in the portion of the wave extending
beyond the core boundary was considerably more than that within the active
core region, the fuel element cans containing the crests (fuel outside the
normal active core boundary) were loaded with less density of uranium (less
fuel per fuel element) than for those fuel element cans inside the active
core boundary. Figure 9.4 shows the fuel element positions involved in the
wave. The portion of the wave within the normal active core {the trough
portion) affected 120 fuel elements while there were 176 p051t1ons in the
outer portion (the crest) of the wave.

The total fuel shifted from within the normal active core to the
region between the active core and the cavity wall was 3301 gm for Config-
uration 5A and 6602 gm for Configurations 5B and 5C. The wave for Con-
figuration 5A was created first. It was necessary to add the wave in in-
crements as follows:

lst increment, fuelremoved from 21 fuel elements in the
active core and 31 fuel elements added to the outer part of

the wave,

Final k-excess 1.128 = 0.015 %Ak
Initial k-excess -0.668 £ 0.009%Ak
Gross change 0.460 £ 0.018%Ak
Worth of 2781 gm Al +0,044 £ 0,007%Ak
Net change 0.504 % 0.019%Ak

2nd increment (1/2 of Configuration 5A wave)

Final k-excess 1.879 £ 0.066%Ak
Initial k-excess ~0.599 £ 0.021%Ak
Gross change 1.280 £ 0.069%Ak
Worth of 7893 gm of Al +0.126 £ 0.019%Ak
Net change 1.406 £ 0,072%Ak

The first increment extrapolates to a total wave worth of 2.891 =%
0.109%Ak while the half wave extrapolates to a total wave worth of 2.812 +
0.144%Ak. The two values are the same within the experimental error.

The portions of the wave added in the two increments are shown in Figure
9.5. Since the two measurements extrapolated to essentially the same wave
worth, the total wave was not measured.

It will be noted that the initial k-excess values given above were different
for the two increments. Prior to establishing any portion of the wave, the
base k-excess was measured for two different rod patterns, one with Actuators
3 and 6 in the reactor and all others withdrawn, and one with all rods equally
inserted. The necessity for using all rods banked was anticipated because
of the large increases in reactivity due to the waves. It had been noted earlier
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in the experiments that k-excess differed slightly with large changes in
rod pattern. This, however, -did not jeopardize the data as long as the
reactivity changes were based on k-excess values using the same rod

pattern.

Configuration 5B required the addition of two waves with the
wave from Configuration 5A as one of the waves. The measurement
was, therefore, performed by retaining Configuration 5A and adding the
second wave. .

The second wave was added in two increments. "The first in-
crement was 1/4 of the wave and this plus the correction for aluminum
increased k-excess 0.522 £ 0.077%Ak. This value times 4 (extrapolating
to the full wave) plus the worth of the other wave of 2.812 * 0.144%Ak gives
a total worth of 4,900 x 0.340%Ak. One half of the second wave was worth
1.013 % 0.089%Ak. The total extrapolated worth of Configuration 5B, based
on this result and the worth of the first wave of 2.812 % 0.144%Ak, was
4.838 = 0.230%Ak. Here again the two extrapolations are about the same.

Configuration 5C required the wave from 5B to be moved back
from the separation plane 14.6 cm or two stages of fuel. This was done
in two equal steps. The first step caused a net decrease of 0,142 £ 0.094
%Ak. This represented 1/4 of the wave being moved from the 5B to 5C
position, thus the extrapolated total decrease over Configuration 5B
would be 0,568 £ 0.376%Ak and this subtracted from the worth of Config-
uration 5B of 4.838 £ 0.230%Ak would give a net worth of 4.270 = 0.431%Ak.
The second increment completed moving the 180 degree portion of Con-
figuration 5C into place. The total difference between the 180 degree
portions of Configurations 5B and 5C was -0.321 % 0.102%Ak. Extrapola-
ting to the total difference between the two waves and subtracting from
4.838 £ 0.230%Ak gives a net worth of Configuration 5C of 4.196 =

0.279%Ak.

In each of the above waves, the addition was made in increments
and in each case the extrapolated total wave worth was slightly (approximately
2%} lower for the second increment. Although within the indicated standard
error of the measurement, it appears that the consistency of the results
implies a non-linearity of the extrapolated values of about 2%. The follow-
ing summarizes these values:

Cpnfigur.atign ] ) Wave Worths (%Ak)
lst Increment Znd Increment
5A 2.891 = 0,109 2.812 % 0.144
5B '4.900 = 0.340 4.838 = 0.230
5C 4,270 £ 0.431 T 4.196 £0.279
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On the average, the extrapolation from the second increment
was less than 2% below the extrapolation from the first increment. It
is concluded that the values measured for a 180 degree sector of the
waves can be extrapolated to the total with a small possible error
{approximately 2%) but well within the experimental errors quoted.

Configuration 5C showed a significant decrease over 5B for the
same reason the reverse of Configuration 4A decreased in worth. Creat-
ing the void (trough} at the ends of the core and moving the fuel to the.
outside of the active core (the crest) at a position not at the ends of the core
consistently give less-increase in reactivity than when the crest of the wave
occurred at the end of the core., This is a logical effect since the fuel
within the active core is worth more at the outer surface and removing
fuel where more outer surface is involved would cause a smaller
change in reactivity for the wave such as Configuration 5C.
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10.0 CONFIGURATION 6

Configuration 6 waves were the small, one stage waves and
required the fuel to be moved directly opposite the void as shown in
Figure 10.1. This configuration more nearly represents a spalling
off of fuel rather than the development of a wave., Four such "waves''
were measured as shown in the above figures and the results were as
follows: ’

Configuration Worth of Wave (%Ak)
6A 0.160 % 0.028,
6B ‘ 0.167 = 0.019
6C 0,206 =£0,013
6D 0.579 = 0.026

Configuration 6D was the sum of the other three configurations
and it will be noted that its worth was higher than the sum of 6A, 6B, and
6C by 0.046 +0.044%Ak. This was the first case 1n the wave measurements
where the combination of two or more waves was ostensibly worth more
than the sum of the worths of the individual waves. There is no obvious
explanation for such an effect, but the 68% confidence limit error is
essentially as large as the effect. Therefore, it is concluded that with
such small "waves, " the sum of the parts (the individual waves) equals
the whole,

It is also noted that there is a difference in the worth of a wave
depending on whether the fuel was removed from in front oxr beneath the
wave. Configuration 4A gave a worth of 0.243%0.027%Ak, with the fuel
removed from in front while configuration 6A resulted in only 0.160%
0.028%Ak for the same wave size but located directly over the voided
region. In Configuration 4A the fuel is removed from a position of less
importance to a position of greater importance along the axis.

Configuration 6D as compared to Configuration 4D both with 3

equal sized waves shows a higher worth of fuel 0.579+0. 026 %Ak versus
0.532x0.024%Ak for 4D,
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11.0 CONFIGURATION 8 (3-zoned core, different radii)

This reactor required a complete reloading of the fuel elements
in order to mockup an active core with a uniform fuel density but a vari-
able (stepped) fuel radius. The fuel radius decreased towards the exhaust
nozzle thus simulating the active core geometry expected to exist under
conditions of flow and power. Figure 11.1 shows the layout of the cavity
region and the radial variations. Region 1 had the normal core radius used
for most of the previously operated reactors. The ratio of the fuel radius
to cavity radius for Regions 1, 2, and 3 was 0.68, 0.59, and 0.51, respec-
tively. As will be noted from the figure, Region 1 was six-stages long while
Regions 2 and 3 were each five stages long. The exact fuel loading was as
follows:

Fuel Mass
Region Fuel Fraction (kg of U) Number of Fuel Sheets

1 0.476 17.1 6516
2 0.304 10.9 4159
3 0.220 7.9 3014

1.000 35.9 . 13689

The fuel elements were loaded according to the recipe given in
Figure 11.2. The active core boundaries for the three regions are shown
in Figures 11.3, 11.4, and 11.5. The cross sectional boundaries are
irregular, but give the equivalent cylindrical diameters shown in Figure
11.1 for each of the three regions. There were 208 fuel element positions
in Regicn 1, 160 in Region 2, and 116 in Region 3. All of the fuel elements
extended through all regions and were 116.8 cm (46 inches} long. The outer
fuel elements were fueled only in Region No. 1; the second layer of fuel
(108.8 cm outer diameted) extended over Regions 1 and 2; and the inner
cylinder (92.5 cm outer diamter) was fueled over the full core length.
Figures 11.1, 11.2, and 11.7 shows this arrangement.

There were 32.9 of polyethylene (CH,) in the outer 8 cm of the
cavity on the radial wall, The 0.0965 cm thic%c stainless steel liner
(83.1 k5g) was on the cavity wall and the fuel annulus containing 823.2 kg
of U235 was 19 cm from the cavity wall in the radial reflector.

11.1 Initial Loading

Initial loading of Configuration 8, which will be referred fo as
Configuration 8A so as to distinguish it from the wave measurements to
follow, began on September 26, 1968, with a completely unloaded core.
The normal incremental loading procedure was used to load the fuel
elements in the reactor. Three count rate channels were used to record
multiplication and the results are given in Table 11.1 and Figure 11.6.

It was found that the reactor was about 0.5%Ak subcritical with all the

fuel in the reactor so it was necessary to remove some of the polyethylene,
as shown in Table 11.1, With 6.08 kg of GH2 removed, {leaving 26.82 kg
in the reactor) k-excess was 0,203%Ak.
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The layout of the types of fuel elements in éach of the core pdsitions
for the fully loaded reactor can be seen in Figure 11.7. The following
aluminum masses were in the cavity region:

1. Core structure . 84.09 kg
2. Fuel elements 108.33 kg
3. L.ids 6.16 kg
4. Fuel sheet spacers 18.70 kg
5. Fuel element spacers (front end) 2.57 kg

All of the aluminum was type 1100 except for 15.15 kg of type
6061 in the support structure.

11.2 Rod Worth Measurements

Three rod worth measurements were obtained with Actuators
3 and 6 equally inserted in the reactor and all others withdrawn. The
average worth was -1.3710 % 0.0091%Ak. A single measurement of
Actuators 1 to 10 containing 27 control rods gave a worth of -6,030%Ak.
The worth of Actuators 3 and 6 was about 10% higher than was measured
on the previous wave experiments (Table 6.1). Although an exdct com-
parison cannot be made with the worth of 27 rods because the same number
of rods was not measured on the earlier experiments, it appears that their
worth was in the order of 20% higher for this reactor configuration. The
increase in reactivity appears to be due to the fact that a larger percentage
of the fuel was in the end of the cavity nearest the control rods. This in-
crease is rod worth was also noted on similar reactor configurations
reported in Reference 3, p. 292 and 309.

During the operation of Configuration 8, a rod worth curve was
measured (27 rods) for all rods by using an inverse reactor kinetics
technique. See Reference 4.. A computer program entitled, "LUNCH"
developed by the Argonne National Laboratories was used to reduce the
data. The measurement was made with all of the rods in the withdrawn
position and the reactor leveled at a.power of about 10 watts, In order
to level on an infinite period and still have the rods in the withdrawn
position, the table was separated slightly thus reducing the multiplication
factor to 1.0. The rods were then inserted as a bank by activating the
shutdown switch, The input data for the computer program was taken
from one of the linear channel-traces. The results of this measurement
is shown in Figure 11.8, This is essentially the same curve as the sub-
critical all rods worth curve measured early in the cavity reactor experi-
ments and reported in Reference 3, p. 94. )

The above measurement also results in a total rod worth. The
correlation between the rod worths obtained by rod bumps and the cal-
culated values have been within #10% or less, . Both measurements depends
on the fission delayed and photo neutron delayed information, neutron
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lifetime and source level. The inverse kinetics method is a sensitive
indicator of the compatibility of the delayed neutron and source level
input data. For instance, incorrect delayed neutron parameters or
source level will destroy the asymptotic reactivity with all rods
inserted, and instead indicate a varying reactivity. Appropriate adjust-
ment of the parameters can correct this, But if the delayed neutrons
are changed by 20% the resultant rod worth changes by 9%. Huwever,
the delayed neutron parameters are known within +3%, and the photo
neutron parameters are only about 12% of the total value of the dollar,
The source level is difficult to measure because’it is at or_below the
normal noise level of the detectors or in the range of 10-12 ampere

on the picoammeters. The source level is important and if
properly measured can result in a reliable calculation of rod worth.
Thus, reliable results from the inverse kinetics method require reliable
input data from all the parameters, and a result that gives an asymptotic
reactivity. The latter serves as an indicator of reliability of these
parameters. :

In the case of rod bump extrapolations, the questions of space
mode. effects and additive effects of small reactivities to give large effects
arise. The +10% or less typical deviations that occur between the rod
bumps and inverse kinetic methods cannot be assigned exclusively to
either one of the methods. :

11.3 Reactivity Measurements

While rermoving the polyethylene, its worth was measured to be
-0.12 = 0.01%Ak/kg. The critical loading required to give a multiplication
-of 1.00 can, therefore;, be extrapolated to 35.9kg of uranium and 23.51 kg
of polyethylene with the other reactor components as described above.
Fuel worth measuréments were not obtained on this reactor so the fuel
loading adjustment was not attempted in extrapolating to the critical loading.

The wave configurations which were measured on this reactor are
shown in Figures 11.9 to 11.12. The waves were formed by moving a
stage of fuel within the active core to the next fuel element location just
outside the core. The locations involved are shown in Figure 8.5 for Region
1 and Figures 11.13 and 11.14 for Regions 2 and 3, respectively.

The results of the wave measurements are given in Table 11.2,

The sum of the individual wave worths equals 0.791%Ak which is 5. 3%
higher than the worth of all three waves together. . )
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TABLE 11.1

Initial' Loading -~ Configuration 8A

Sheets
of
Fuel in Channel No. 1 Channel No, 2 Channel No. 3 Rod
Increment Reactor CPM CRo/CR CPM CRo/CR CPM CRo/CR Avg. Positions
) 0 o 345 1.000 279 1.000 265 1.000 1.000 In
0 0 391 1.000 309 1.000 297 1_000 1.000 - Out _
1 1852 747 0.462 ) 588 0.474 551 0,481 0,472 In
1 - 1852 924 0.423 751 0.411 685 0,434 0.423 * Qut
1 1852 809 0.427 584 0.478 BS3 0.479 0.461 In
1 1852 956 0.409 T44 0.415 690 0.430 0.418 GCut
2 2655 a27 0.372 748 0.373 . 687 0.386 0.377 In
2 2655 1204 0.325 965 0.320 ] 910 0.326 0.324 Qut
3 4143 1372 0.246 1066 0.256_ 986 . 0.264 0.255 In
3 2143, 1903 0.201 1487 0. 204 1381 0.211 0.205 Cut
4 5733 1817 0.1897 1455 0,1917 1372 0.1931 0.1915 In
4 5733 2724 0.1434 2236 0.1382 2088 0.1422 0.1413 Out
Cordrected 338 273 260 in
CRo 383 303 29) Out
" 8 Added 7666 2574 0.1339 2146 0.1301 1958 0.1353 0.1331 In
51933 1666 4899 0.0798 3753 0.0823 3423 0.0868 0.0830 Out
6 1347 9013 3207 0.1054 2734 0.0999 2463 0.1056 0,1036 In
6 1347 9013 6620 0.0579 5479 0.0553 4978 0.0585 0.0572 Out
7 1357 10370 4151 0.0814 3361 0.0812 3113 0.0835 0.0320 In
7 1357 10370 10121 0.0378 8408 0.0360 7714 0.0377 0.0372 Qut
8 1313 11683 5664 0,0591 4286 _0.0632 3905 0. 0658 0,0627 In
81313 11683 19764 0.0192 15243 0.0197 13438 0.0214 00,0201 Out
Corrected 335 271 257 In
CRo 379 E 300 . 288 Qut
9 13068 *6708 0.0499 5149 0.0526 4826 D.0533 0.0519 In
9 13068 41567 0.0091 32399 0,0093 28345 0.0102 0.0095 Out
10 13689 T 7242 0,0463 5735  0,0473.° 5142- 0.0500  0.0479 In
10 13689 72996 0.0052 56399 0.0053 49829 0,0058 0.0054 Qut
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TABLE 11.1

{Continued)

Sheets

Fpe‘ifin Ghannel No. Channel No. 2 Channel No. 3 Rod
Inc rement Reactor CPM CROICR_ . CPM _ CRo/CR CPM CRo/CR  Avg. Positions
11 Removed 13689 9076 0.0369 6017 0, 0450 5420 0.0474 0.0431 In
11 2050 gm CH2 13689 151901 0.0025 98700 0.0030 84670 0,0034 0, 0030 Out
12 Removed 13689 9514 0.0352 6306 0.0430 5714 0.0450 0.0411 In >
12 2041 gm UH2 13689 775125 0.00049 373275 0,0008B0 304297 0,00095 0.00075 Qut
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TABLE 11.2

Configuration 8 Fuel Wave Measurements

Uranivm Mass

Co—nfiguration Interchanged (gm)
8B {wave in Region 1} 576
8C (wave in Region 2) 558
‘8D (wave in Region 3) 453
8E (all 3 waves) 1587

Wave Worth (%Ak)

0.341 = 0,007
0.261 £ 0,007
0.189 £ 0.006

0.75) £ 0,022
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TYPE 1 Fuel Element

- Stage number
— Fuel orientatica

— Number of fuel

sheets per stage

— Stage number
— F'uel orientation
Number of fuel

sheets per stage

— Stage number

—d
-~l— Fuel orientation

— Number of fael

1 2 3 4 5 6 7 9 10 11 12 13 14 15 16—

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 -

6 5 6 5 6 5 6 6 5 6 6 5 6 5 6
TYPE 2 Fuel Element

1 2 3 4 5 6 7 8 9 10 l 11| 12 ) 13| 14| 15 16=

2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2

5 6 5 5 5 5 5 5 5 5 ] 5 5 5 5 5 5 =
TYPE 3 Fuel Element

1 2 2 4 5 6 7 8 10 11 12 13 14 15 16

3 1 2 3 1 2 3 1 g 3 1 2 3 1 2 3

5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5

s Region 1 Repion 2 - Region 3 ——t———

The following number and types of fuel alements will be required for each region:

Region

1
2
3

Type 1

69
53
38

Type 2 Type 3 Totals
69 70 208 (1)
53 54 160
39 39 116

sheets per stage

{1) ¥16 of these fuel elements will be fully toaded over.the I6.stages, 44 will be-loaded over Regions

1 and-2, and 48 will be loaded over Region '1 only-

Fig. 11.2 Configuration 8 fuel element loading pattern
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12,0 CONFIGURATION 9 (3-zoned core, different radii, variable densities)

Configuration 9 was a variable fuel density, variable fuel radius
core. The core layout was exactly the same as Configuration 8 (Figure 11.1)
as far as the three regions and fuel radii were concerned. The fuel loading,
however, was of several different fuel densities, the density varied from
region to region with the heaviest density in Region 1 and the lightest density
in Region 3. The fuel density was uniform within each region, The follow-
ing gives the core loading information

Fuel Fuel Mass Number of Fuel Fuel Density

Region Fraction {kg of U) Sheets gmjcc
1 0.658 29.07 11094 0.0546
2 0,244 10.76 4106 0, 0317
3 0.098 4,36 . 1664 0.0178
Totals 1.000 44,18 16864

The exact loading recipe for each of the three types of fuel elements
is given in Figure 12.1.

The hardware within the active core and reflector regions was the
same as Configuration 8 except for the polyethylene in the outer 8 cm between
the core support structure and cavity wall. The total mass of CH was in-
creased to 32,9 kg.

12.1 Initial Loading

A different loading procedure was used in establishing configuration
9. The reactor initially contained Configuration 8E prior tec the changeover.
One quarter of the core (52 fuel elements) was converted to Configuration 9
and k-excess increased 0,49%Ak, The next step was to add 7115 gm of CHZ
to the cavity (giving total polyethylene mass of 32.9 kg) to remove all of
the fuel wave in Region 1, and to change an additional 72 fuel elements.
These changes resulted in a loss in k-excess of 0.84%Ak. The remnaining
fuel elements were then converted to Configuration 9 which completed the
changeover., The final excess reactivity was 0.56%Ak.

12.2 Rod Worth Measurements

A single all rods worth measurement was made after Configuration
9 was established. A total of 27 rods were involved and then were worth
-5.407%Ak. All of the reactivity measurements were made with Actuators
3 and 6 equally withdrawn and the remaining rods withdrawn all the way.
The worth of Actuators 3 and 6 was assumed to be -1,3710 £ 0, 0091 %Ak,
which was the measured value for Configuration 8.

12.3 Reactivity Measurements-

It was stated in Section 12.1 that k-excess was 0.556%Ak when the
reactor was fully loaded. Since fuel worth measurements were not made
on this configuration, the critical mass of uranium could not be accurately
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extrapolated but the worth of CH, was known from Configuration 8 so the
amount of CH, could easily be a&justed to give a multiplication of 1. 00,
Assuming CH, to be worth -0.12%Ak/kg, 0.56%Ak would be equal to

4.67 kg of CH,,. Thus, for criticality of k = 1.00, the total CH, would

be 37.57 kg, t%le fuel loading 44.18 kg of uranium, and the othe? components
as previously described,

The test program required the measurement of a single set of waves
the same as Configuration 8E (Figure 11.12) which we will refer to as
Configuration 9E. However, because of operational restrictions, Configura-
tion 9E could not be established in a single increment based on the worth of
Configuration 8 waves. Therefore, a single wave was first measured at the
end of Region 1, the same as Configuration 8B, Figure 11.9. A total of
1037.5 gm of uranium was interchanged in the wave and k-excess increased
0.559 = 0, 010%Ak, The addition of the other two waves ; one at the end of
Region 2 and one at the end of Region 3 (Figure 11.12), increased k-excess
and additional 0.303% 0.012%Ak and involved the interchange of 775.5 gm
of uranium. The total reactivity increase due to creating the three waves
in Configuration 9E was, therefore, 0.862 * 0.016%Ak,

12.4 Power Distribution Measurements - Catcher Foil Data

Power distribution measurements were made on both Configuration
9A {(no waves in the reactor) and Configuration 9E (three waves in the reactor).
Only bare catcher foils were exposed in the cavity region and on the fuel
annulus in the DO to determine powex distribution. However, both bare and
cadmium covered gold foils were exposed in the cavity and reflector regions
to determine the thermal neutron flux. The D,O temperature was 19.4 C
during all foil exposures and all rods were Wit%ldra.wn except Actuators 4,

5, 6, and 7 which were withdrawn 27.8 cm and 12.2 cm for Configuration
9A and 9E, respectively.

12.4.1 Configuration 9A

The catcher foil data were obtained in two foil exposures, the
results of which are given in Table 12.1. The axial distributions in the
cavity region are shown in Figures 12.2 and 12, 3 along with the integrated
average for sach curve. These axial averages were plotted to show the
radial power profile in Figure 12.4., Because of the variable loading in
the reactor, it was decided to determine the axial curve averages over
each region and then plot these averages to produce the radial profile
over each of the three axial regicons. These results are given in Figure
12.5. The volume weighted average was then calculated for each of these
three curves as shown in Figure 12.5. These weighted averages were
1.852, 2.233, and 3.519 for Regions 1, 2, and 3, respectively. All of
the catcher foil results are normalized to the point at the center of the
core, so all values are relative to 1.0 at the core center.

The power generated in the various regions was calculated to
be as follows:
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Region Power (watts) - Percent of Total Power
[egion

1 7.91 51.2

2 3.39 . 21.9

3 2.17 14.0
Fuel Annulus 1.99 . i2.9
" Total 15.46 160.0

i2.4.2 Configuration 9E

The catcher foil data obtained on the wave Configuration 9E are
given in Table 12.2. These data were plotted the same as for Configuration
9A and are shown in Flgures 12.6 to 12.9. The significant changes occurred,
of course, in the region of the fuel waves and where the fuel was relocated.
In order to compare the data for the two configurations the axial averages
were first compared as shown in Table 12.3. It will be noted here that
there is a general tendency for the wave configuration to have lower averages
than the bare core. However, another factor rneeds to be considered before
making this comparison. It will be noted from Runs 1148 and 1151 that
there was a 4.5% difference in the normalized counts at the core center
with Configuration 9E having-the highest count. This is the count to which
other data on the specific run are normalized before plotting the relative
power distribution. Besides the normal statistical uncertainty, these

. data can be affected by actual changes in the flux at the core center relative
to the flux at the location of the power normalization foils. The power
normalization foils are located at the separation plane in the reflector
region, This region is normally not sensitive to small changes in the
core, but in this case it is concluded that there was a neutron flux in-
crease in the center of the core and a general flattening of the power
distribution in the fueled region relative to the reflector flux levels.

This amounted to about 4.5% out to a fuel radius of 53 cm. The outer
edge of Region 1 shows a 12 to 15% lower axial average for Configuration
9E than Configuration 9A.

The power generated in each cavity region as well as in the fuel
annulus in the radial reflector 1s as follows:

Region . " Powezr (watts) Percent of Total Power
1 8.14 52.3
2 3.36 21.6
.3 2.08 13.4
Fuel Annulus LL9T 12.7
Total 15,55 100.0
12.5 Resonance Detector Data - Bare Gold Foills

12.5.1 Configuration 9A

Gold foils were exposed in both cavity and reflector regions to
determine neutron flux distributions. The gold foils were powé&r normali-
zed to Run 1148 and these normalization factors are given in Table 12.4.
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The gold data, including both bare and cadmium covered foils, are presented
in Table 12.5. The bare gold within the cavity region was normalized to the
center of the core, as was done with the bare catcher foils, and the relative
axial distributions of the foil activities were then plotted as shown in Figure
12.10. Since it was necessary to treat each axial region of the active core
as a separate unit to produce meaningful radial flux profiles, the axial dis-
tributions were averaged over each of the three regions and these data were
plotted as shown in Figure 12.11. The volume weighted average was then
calculated for each of the three regions over the fueled portion of the core.
These averages are given in Figure 12.11 as 1.303, 1.351, and 1.665 for
Regions 1, 2, and 3, respectively, all with respect to 1.0 specific power at
the core center.

The distributions of both bare and cadmium covered gold foil activities
within the reflector regions are given in Figures 12.12 and 12.13, These are
the foil activities at the active core power level of 13.5 watts. The power in
the fuel annulus was not considered here because all previously reported golid
foil activities in the reflector regions have been referenced to active core
power only. The most noticeable difference between the two reflector regions
is near the cavity reflector interface. In this region the bare foil activity
was considerably higher in the radial reflector than in the end reflector.

This difference is caused primarily by the polyethylene on the radial wall
of the cavity which acts as a flux trap and reflects neutrons back into the
radial reflector thus enhancing the thermal flux near the cavity wall. The
data compare very well with that obtained from the base core configuration
for the wave measurements and presented in Section 5.4 of this report.

12.5.2 Configuration 95

Gold foils were exposed in the sarne locations for this configuration
as for Configuration 9A so that direct comparisons could be made. The tab-
ulated data are found in Table 12.6 and the base foil data within the cavity
region are plotted in Figure 12.14. The axial profiles were averaged over
each region and these averages are shown in Figure 12.15. The volume
weighted averages for each region from the center of the core to the outer
surface of the fuel were 1.298, 1.382, and 1.665 for Regions 1, 2, and 3,
respectively, all with respect to 1.0 at the core center.

A comparison of the axial averages for the base configuration (94)
and this wave Configuration (9E) is shown in Table 12.7. The five axial
averages over the full length of the core showed no differences within
less than %1.0%. The averages over the three regions also indicated no
differences within the standard error on the values of £1.5%.

The gold foil data in the reflector regions are shown graphically
in Figures 12.16 and 12.17. These results are compared with Configuration
9A on a point by point basis in Table 12.8. The bare gold data in the end
reflector show a 3.3 % 3.4% decrease for Configuration 9E over 3A which was
due to the control rods being further inserted into the end reflector on
Configuration 9E. This was necessary because of the higher k-excess for
Configuration 9E. The bare data in the radial reflector indicated no measur-
able change within the experimental error. The cadmium covered gold foil
data in the end reflector show a decrease of about the same magnitude as the
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bare data noted above for Configuration 9E over Configuration 9A. However,
the radial reflector shows a definite increase in the cadmium activity of

about 17 % 12%, on the average fox Configuration 9E compared to Configuration
9A. The reason for this is not known.

12.6 Resonance Detector Data - Cadmium Ratios

12.6.1 Configuration 9A

The gold foil cadmium ratios for Configuration 9A are listed in
Table 12.9. Figure 12.18 shows the cadmium ratic axial profile down
the center of the core while Figure 12.19 presents the radial profiles at
three axial locations. No unusual values were observed within the active
core., At the core center the cadmium ratio was 1.130 and this increased
to 1.965 at the cavity wall. At the outer surfaces of Region 1, 2, and 3,
the cadmium ratio was about 1.6,

Figure 12,20 shows the cadmiwm ratios in the reflector regions.
The presence of fuel in radial reflector along with the polyethylene on the
cavity wall cause a crossover in the cadmium ratic results in the end and
side reflectors at a location near 20 cm from the cavity wall as noted from
Figure 12.20. This also occurred with the base reactor for the wave
experiments as noted in Figure 5.14,

12.6.2 Configuration 9E

The gold foil cadmium ratios for Configuration 9E are given in
Table 12,10 and the resulting distributions are shown in Figures 12.21,
12.22, and 12.23, The values were much the same as observed for
Configuration 9A as will be noted from Table 9.11. If the point at 153.5
cm from the core center in the radial reflector is ignored, the overall
difference is negligible between the two configurations.

12,7 Thermal Neutron Flux

12.7.1 Configuration 9A

Where both bare and cadmium covered gold foil data were obtained,
the thermal neutron flux was calculated. The procedures used to calculate
neutron flux are given in Reference 3, p. 69. The values thus calculated
are given in Table 12.12, A plot.of the radial distribution through the axial
centerline of the core as well as a plot of the axial distribution through the
radial centerline of the core are given in Figures 12.24 and 12.25. All of
these data were normalized to a watt of cavity core power only. The power
in the fuel annulus in the radial reflector was not included in the core power
since most of the previously reported data did not include fuel in the D,O;
Inclusion of the power in the fuel annulus would reduce the above neutron
flux values by about 13%.
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12.7.2 Configuration SE

Table 12.13 contains the thermal neutron flux values from Con-
figuration 9E. The same positions were flux mapped for both Configurations
9A and 9E so that a direct compariscn could be made between the two. This
comparison is shown in Table 12.13 as the ratio of the values between Con-
figurations 9E to 9A. The overall average ratio was ¢.976 # 0.066 which
indicates a slight but yet uncertain decrease in flux with respect to core
power on Configuration 9E. The flux values for Configuration 9E are
plotted in Figures 12.26 and 12.27.
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TABLE 12.1
Catcher Foil Data

Configuration 9A

LN bW

Foil Location ) Ratio of Local
Radial Axial Normalized to Core Center
No. Tvype {cm) (cm) Counts (Foil No. (X)
Run 1148
Bare 0 93.3 34542 2.050
Bare 0 105.3 14135 0.839
Bare 0 120.6 11126 0.660
Bare 0 135.8 13929 0.827
Bare 0 151.1 16842 1.000X
Bare 0 166.3 22566 1.339
Bare 0 181.5 34998 2.078
Bare 0 196.8 44512 2.642
Bare 0 208.8 67041 3.980
10 Bare 15.2 93.3 37639 2.234
11 Bare 15.2 105.3 16969 1.007
12 Bare 15.2 120.6 11349 0.673
13 Bare 15.2 135.8 14544 0.863
14 Bare 15.2 151.1 20488 1.216
15 Bare 15.2 166.3 26126 1.551
16 Bare 15.2 181.5 38073 2.260
17 Bare 15.2 196.8 48736 2.893
18 Bare 15.2 208.8 68105 4,043
19 Bare 30.5 93.3 40245 2.389
20 Bare 30.5 105.3 18176 1.079
21 Bare 30.5 .120.6 15323 0.909
22 Bare 30.5 135.8 18836 1.118
23 Bare 30.5. 151.1 24272 1.441
24 Bare 30.5 166.3 29611 1.758
25 Bare 30.5 181.5 43663 2.592
25 Bare 30.5 196.8 57081 3.389
27 Bare 30.5 208.8 67130 3.985
28 Bare 45,7 93.3 48053 2.853
29 Bare 45.7 105.3 24817 1.473
30 Bare < 45,7 120.6 24765 1.470
31 Bare 45.7 135.8 32245 1.914
32 Bazre 45,7 151.1 40759 2.420
33 Bare 45,7 166.3 52493 3.116
34 Bare 45.7 172.9 56165 3.334
35 Bare 45.7 177.2 66936 3.974
36 Bare 45 .7 181.5 71701 4,257
37 Bare 45,7 196.8 83042 4.930
38 Bare 45.7 208.8 89123 5.291
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TABLE 12.1

{Continued)
Foil _L°Ca“°“ _ Ratio of Local
Radial Axial Normalized to Core Center
No. Type {cm) {cm) ~ Counts (Foil No. (X)
Run 1148 (Cont'd)
39 Bare 53.3 93.3 57664 3.423
40 Bare 53.3 105.3 39917 2.370
41 Bare 53.3 120.6 35179 2.088
42 Bare 53.3 131.5 44730 2.655
43 Bare 53.3 135.8 49279 2.925
44 Bare 53.3 140.1 63096 3.746
45 Bare 53.3 151.1 75371 4.475
46 Bare 53.3 166.3 79784 4,737
47 Bare 53.3 169.6 89368 5.306
48 Bare 53.3 172.9 89408 5.308
49 Bare 53.3 177.2 90485 5.372
50 Bare 53.3 181.5 91345 5.423
51 Bare 53.3 196.8 98047 5.821
52 Bare 53.3 208.8 99305 5.896
53 Bare 61.0 93.3 85725 5.089
54 Bare 61.0 105.3 84074 4.991
55 Bazre 61.0 120.6 75492 4.482
56 Bare 61.0 131.5 83349 4,948
57 Bare 61.0 140.1 87115 5.172
58 Bare 61.0 151.1- 88159 5.234
59 Bare 61.0 166.3 100076 5.942
60 Bare 61.0 181.5 97562 5.792
61 Bare 61.0 196.8 110837 6.580
62 Bare 61.0 208.8 103965 6.172
63 Bare 61.0 135.8 88124 5.232
Run 1149
1 Bare 0 93.3 34778 1.887
2 Bare 0 105.3 14752 0.800
3 Bare 0 120.6 11305 0.613
4 Bare 0 135.8 13485 0.732
5 Bare 0 151.1 18422 1.000X
6 Bare 0 166.3 23228 1.260
7 Bare 0 181.5 34995 1.899
8 Bare 0 196.8 46609 2.530
9 Bare 0 208.8 77199 4,190
10 Bare 76.2 93.3 117996 6.405
11 Bare 76.2 105.3 105524 5.728
12 Bare 76.2 120.6 100879 5.476
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TABLE 12.1

(Continued)
Foil Logation _ _ Ratio of Local
¥ Radial Axial Normalized to Core Center

No. Type (cm) {cm) Counts (Foil No. (X)
Run 1149 (Cont'd)

13 Bare 76.2 135.8 101787 5,525

14 Bare 76.2 151.1 104898 5.694

15 Bare 76.2 166, 3- 103605 5.623

16 Bazre 76.2 181.5 108663 5.898

17 Bare 76.2 196.8 109450 5.941

18 Bare 76.2 208.8 111523 6.053

19 Bare 91 .4 93.3 157479 8.548

20 Bare 91.4 105.3 159818 8.675

2} Bare 91 .4 120.6 162911 8.843

22 Bare -91.4 135.8 168040 9.121

23 Bare 91.4 151.1 169460 9,198

24 Bare 91.4 166.3 169214 9,185

25 Bare 91 .4 181.5 160580 8.716

26 Bare 91.4 196.8 148200 8.044

27 Bare 91.4 208.8 121338 6.586

28 Bare 111.1 128.2 273337 14,837

29 Bare 111.7 128.2 279422 15.167

30 Bare 111.1 i51.1 276474 15,007

31 Bare 111.7 151.1 265240 14,398

32 Bare 111.1 174.0 266707 14.477

33 Bare 1117 174.0 248059 13.465
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TABLE 12.2
Catcher Foil Data

Configuration 9E

Location
. Local to
Foil Radial Axial Normalized Center cf Core

No. Type (cm) (cm) Counts (Foil (X)
Run 1151

1 Bare 0 3.3 36954 2.099
2 Bare 0 105.3 14384 0.817
3 Bare 0 120.6 10778 0.612
4 Bare 0 135.8 13293 0.755
5 Bare 0 151.1 17605 1.000 {X)
6 Bare 0] 166.3 23435 1.331
7 Bare 0 181.5 34230 1,944
8 Bare 0 196.8 49025 2.785
g Bare 0 208.8 69832 3.966
10 Bare 15.2 93,3 40152 2.281
11 Bare 15.2 105.3 18185 1.033
12 Bare 15.2 120.6 11790 0.670
13 Bare 15.2 135.8 13581 0.771
14 Bare 15.2 151.1 16074 1.083
15 Bare 15.2 166.3 24493 1.391
16 Bare 15.2 181.5 38938 2.212°
177 Bare 15.2 196.8 44737 2.541
18 Bare 15.2 208.8 65137 3.700
19 Bare 30.5 93.3 41823 2.376
20 Bare 30.5 105.3 19294 1.096
21 Bare 30.5 120.6 14395 0.818
22 Bare 30.5 135.8 19858 1.128
23 Bare 30.5 151.1 25774 1.464
24 Bare 30.5 166.3 33207 1,886
25 Bare 30.5 181.5 45299 2.573
26 Bare 30.5 196.8 56239 3,194
27 Bare 30.5 208.8 69059 3.923
28 Bare 45 .7 93.3 47521 2.699
29 Bare 45.7 105.3 23563 1.338
30 Bare 45.7 120.6 . 25044 1.422
31 Bare 45,7 135.8 29972 1.702
32 Bare 45 .7 i51.1 41799 2.374
33 Bare 45 .7 166.3 51837 2.944
34 Bare 45,7 181.5 75257 4,275
35 Bare 45.7 196.8 83873 4.764
36 Bare 45,7 201.9 78986 4,486
37 Bare 45.7 205.7 81618 4,636
38 Bare 45.7 208.8 75760 4,303

-154-



TABLE 12.2

(Continued)
Foil Location . Local to
Radial Azxial Normalized Center of Core

No. Type (cm) (crnm) Counts (Foil (X)
Run 1151 (Copt'd)
39 Bare 53.3 93.3 56069 3.185
40 Bare 53.3 105,3 39512 2.244
4} Bare 53.3 120.6 35670 2.026
42 Bare 53.3 128.2 47911 2.721
43 Bare 53.3 135.8 56609 3,215
44 Bare 53.3 151.1 76102 4,323
45 Bare 53.3 166.3 73488 : 4,174
46 Bare 53.3 170.1 67279 . 3.821
47 Bare 53.3 173.9 76327 4,335
48 Bare 53.3 181.5 83994 4,771
49 Bare 53.3 196.8 92022 5.227
50 Bare 53.3 201.9 93725 5.324
51 Bare 53.3 208.8 94454 . 5,365
52 Bare 61.0 93.3 84492 4.799 .
53 Bare 61.0 105.3 77236 4.387
54 Bare 61.0 120.6 66921 3.801
55 Bare 61.0 128.2 63664 : 3.616
56 Bare 61.0 132.0 62239 3.535
57 Bare 61.0 135.8 61118 3.472
58 Bare 61.0 151.1 88286 5.015
59 Bare T 61.0 166. 3 90082 5.117
60 Bare 61.0 170.1 90623 5.147
61 Bare 61.0 173.9 89134 5.063
62 Bare 61.0 181.5 93701 5.322
63 Bare 61.0 196.8 97650 5.547
64 Bare 61.0 208.8 104131 5.915
Run 1152
1 " Bare 0 93.3 '~ 35637 1:985
2 Bare 0 - 105.3 14996 0.835
3 Bare 0 120.6 11559 0.644
4 Bare 0 135.8 13475 0.750
5 Bare 0 151.1 17957 1.000 (X)
6 Bare 0 166.3 22153 1.234
7 Bare 0 181.5 35864 1.997 -
8 Bare 0 196.8 47299 2.634
9 Bare 0 208.8 79016 4.400
10 Bare 68.6 93.3 101980 5.679
11 Bare 68.6 105.3 93781 5.223
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TABLE 12.2

(Continued)
Foil Location Local to
o1 Radial Axial Normalized Center of Core
No. Type {cm) (cm) Counts (Foil (X)
Runt 1152 (Cont'd)
12 Bare 68.6 120.6 90106 5.018
13 Bare 68.6 128.2 82322 4.585
14 ; Bare 68.6 132.0 88317 4.918
15 Bare 68.6 135.8 90458 5.038
16 Bare 68.6 151.1 96369 5.367
17 Bare 68.6 166.3 102579 5.713
18 Bare 68.6 181.5 101473 5,651
19 Bare 68.6 196.8 102168 5.690
20 Bare 68.6 208.8 100829 5.615
21 Bare 76.2 93.3 107896 6.009
22 Bare 76.2 105.3 99286 5.529
23 Bare 76.2 120.6 83980 4,677
24 Bare - 76.2 135.8 103196 5.747
25 Bare 76.2 151.1 98324 5.477
26 Bare 76.2 166.3 108232 6.027
27 Bare 76.2 181.5 104401 5.814
28 Bare 76.2 196.8 105890 5.897
29 Bare 76.2 208.8 110677 6.164
30 Bare 9] .4 93.3 165893 9.239
31 Bare 9.4 105.3 174830 g.736
32 Bare 91 .4 120.6 168253 9,370
33 Bare 91.4 135.8 169320 9.429
34 Bare 91 .4 151.1 160447 8.935
35 Bare 91 .4 166.3 167121 9,307
36 Bare 91 .4 181.5 170562 9.499
37 Bare 91.4 196.8 144061 8.024
38 Bare 1.4 208.8 123107 6.856
39 Bare 111.1 128.2 261620 14,57
40 Bare 111.7 128.2 290901 16.20
4} Bare 111.1 151.1 263534 14.68
42 Bare 111.7 151.1 261726 14.58
43 Bare 111.1 174.0 249067 13.87
44 Bare 111.7 174.0 265834 14.80
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TABLE 12.3
Comparison of Axial Averages
Catcher Foil Data

Configuration 9

Radial Logation of Axial Average

Axial Profile Configuration 9A Configuration 9E' =~ 9E/9A

0 1.473 1.431 0.971

15.2 v 1.633 1.513 0.927

30,5 : 1.866 -1.852 "0.992

45,7 2,904 2.734 0,941

53.3 -4,104 3.774 0.920

61.0 5.470 4,713 0.862

76.2 5.728 5.704 0.996

91.4 8.758 9.113 . 041

Comparison by Regions

Region 1
0 0.880 0.865 0.933
15,2 1.015 0.981 0.967
30.5 1.135 1.163 1.025
45.7 1.675 1.535 “0.916
53.3 2.440 2.447 1.003
61.0 4.780 4.042 - 0.846

Region 2
0 1.115 ~1.096 - 0.983
15.2 1.232 1.173 -0,952
30.5 1.545 1.595 1.032
45.7 2.680 2.466 0.920
53.3 4,450 . 4.099 0.921
61,0 5.525 4.718 0.854

Region 3
0 2.615 2.477 0.947
15.2 2.850 2.493 0.875
30.5 3.125 2.970 - 0.950
45.7 4,710 4.444 0.944
53.3 5.844 5.068 0.867
61.0 6.225 5.468 0.878
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TABLE 12.4

Power Normalization Factors

Decay Corrected
Time Decay Activity Activity Normalization
Run Time {(min) Factor {(CPM) (CPM) Factor
1148 1351.57 66.50 1.406 161065 226457
1353.57 68.50 1.460 155301 - 226739
-1355.57 70.50 1.500 149683 224524
) ’ ’ 225907 ) 1.000
1149 -+ 1350.50 85.94 1.925 119347 229743
- 1352.50 - 87.94 1.978 115659 228774
1354.50 89.94 2,031 112797 229091 ’
© 229203 0.986
1150 - . 1555.38 19.50 0.394 572077 225398
- 1557.38 21.50 0.427 527616 225292
1559.38 23.50 0.461 489770 225784
225491 1.002
1151 1408.17 51.50 1.035 214210 221707
1410.17 53.50 1.083 204351 221312
L 1412.17 55.50 1.132 195616 221437
- 221485 1.020
1152 1226.43 47.50 0.942 239836 225926
1228.03 49.10 0.979 230885 226036
©1229.93 51.00 1.023 220931 226012
225991 1.000
1153 1517.22 41.00 0.798 283793 226467
1519.22 43.00 0.841 269006 226234
1521.22 45.00 0.886 255448 226327
) ' . . 226343 0.998
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TABLE 12.5
Gold Foil Data
(0.0005 cm thick)

Configuration 9A

Position "
Foil . _ '.:E.“"Dll Norm to
G Radial - Axial Weight d/m/gm at S, D. Center .of

Type {em) {cm) {gm) x 107 Core
Run 1148

Bare 0 89.4 0,021l 2.166

Bare 0 74.9 - 0,0175 5.654

Bare 0 59,6 0.0184 4,939

Bare 0 44 .4 0.0192 3.413

Bazre 0 29.1 0.0191 2.111

Bare 0 13,9 0.0187 1.119

Bare 0 0 0.0139 0.156

Bare 93.2 151.1 0.01i52 5.048

Bare 107.7 151.1 0.0186 5.995
10 Bare 123.0 151.1 0.0167 4.724
11 Bare 138.2 151.1 0.0158 3.483
12 Bare 153.5 151.1 0.0166 1.980
13 Bare 168.7 151.1 0.0169 0.835
14 Bare 183.9 151.1 0.0172 0.124
Run 1149
1 Cdcov 0O 89.4 0.0136 1.283
2 Cdcov O 59.6 0.0174 0.330
3 Cd cov 0 29.1 Q.0159 0.011
4 Cd cov 93.2 151.1 0.0211 1.444
5 Cd cov 123.0 151.1 0.0182 0.360
6 Cd cov 153.5 151.1 0.0154 0.010
1 Bare 0 93.3  0.0185 1.650 1.327
2 Bare 0 105.3 - 0,0159 1.166 0.938
3 Bare 0 120.6 0.0208 1.051 0.845
4 Bare 0 135.8 0.0164 1.106 0.890
5 Bare 0 1561.1 - 0,0175 1.243 1.000
6 Bare 0 166.3  0.0184 "1.379 1.109
7 Bare 0 181.5 0,0191 1.599 1.286
8 Bare 0 196.8 0.0165 1.839 1.479
9 Bare 0 208.8  0.0185 2.268 1.824
10 Bare 15.2 93.3 0,0193 1.572 1.264
13 Bare 15.2 120,606 C.0157 1.083 0.871
12 Bare 15.2 151.1 G.0175 1.289 1.036
13 Bare 15.2 181.5 0.0155 1.643 1,321
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TABLE 12.5

(Continued)

Foil Position Foil Norm. to
ot Radial  Axial Weight d/m/gm,atS.D. Center of
No. Type {cm) {cm) {gm) x 10”7 Core

" Run 1149 (Cont'd)

14 Bare 15.2 208.8 0.0176 2.107 1.695
15 Bare 30.5 3.3 0.0175 1.782 1.433
16 Bare 30.5 105.3 0.0162 1.302 1.047
17 Bare 30.5 120.6 0.0151 1.167 0.939
18 Bare 30.5 135.8 0.0146 1.306 1.051
19 BRare 30.5 151.1 0.0176 1.434 1.153
20 Bare 30.5 166.3 0,0200 1.565 1.258
21 Bare 30.5 181.5 0.0180 1.842 1.481
22 Bare 30.5. 196.8 0.0163 2.076 1.669
23 Bare 30.5 208.8 0.0182 2.331 ' 1.875
24 Bare 61.0 93.3 0.0203 2.466 1.983
25 Bare 61.0 " 105.3 0.0123 2.449 1.970
26 Bare 61.0 120.6 0.0149 2.339 1.881
27 Bare 53.3 135.8 0.0198 1.857 1.493
28 Bare 53.3 151.1 0.0205 2.246 1.806
29 Bare 53.3 166.3 0.0163 2.437 1.960
30 Bare 45.7 181.5 0.0180 2.320 1.866
31 Bare 45.7 196.8 0.0190 2.531 2.036
32 Rare 45,7 208.8 0.0178 2.640 2.123
33 Bare 76.2 93.3 0.0196 3.032 2.438
34 Bare 76.2 120.6 0.0134 2.976 2.394
35 Bare 76.2 151.1 0.0171 3.070 2.469
36 Bare 76.2 181.5 0.0158 3.105 2.497
37 Bare 76.2 208,8 0.0163 2.889 2.323
38 Bare 91.4 93.3 0.0136 4,035 3.245
39 Bare 91.4 120.6 0.0189 4,095 3.293
40 Bare 9l.4 151.1 0.0202 3.964 3.188
41 Bare 91.4 181.5 0.01395 "3.868 3.111
42 Bare gl.4 208.8 0.0156 3.186 2.562
Run 1150

1 Cdcov O 93.3 0.01165 1.221

2 Cdcov O 120.6 0.01975 0.910

3 Cdcov 0 151.1 0.0167 1.024

4 Cdcov O 181.5 0.0135 1.083

5 Cdcov 0 208.8 0.0191 1.112

6 Cd cov 30.5 151.1 0.0171 0.625

7 Cd cov 45.7 181.5 0.01355 1.250

8 Cd cov 53.3 151.1 0.0210 1.137
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TABLE 12.5

{Continued)
Foil Position Foil . Norm. to
ot Radial Axial Weight d/m/gm at S.D. Center.of

No-. Type {(cm) . {(cm) {(gm) X 10‘6 Core
Run 1150 {Cont'd)
9- " Gdcov 61.0 - 120.6 0.0142 1,215
10 Cd cov 91.4 151.1 0.0i82 1.460
11 Cdcov O 74.9 0.0166 1,261
12 Cd cov 0 44 4 0.0158 0.060
13 Cd cov 107.7 151.1 0.0156 1,140
14 Cd cov 138,2 ~ 151.1 0.0206 0.066
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TABLE 12.6
Gold Foil Data

(0.0005 cm thick)

Configuration 9E

Position . Nozm.
Foil . _ Fc?ll to Center
Radial Axial Weight d/m/f{gm at 5.D, of Coréa

No. Type {cm) (cm) (gm) x10° x 107
Run 1151

1 Bare 0 89.4 0.0174 2.206

2 Bare 0 74.9 0.0184 5.607

3 Bare 0 59.6 0.0134 4,839

4 Bare 0 44 .4 ¢.0165 3.191

5 Bare 0 29.1 0.0162 2.050

6 Bare #] 13.9 0.0140 1.073

7 Bare 0 0 0.0172 0.143

8 Bare 93,2 151.1 0.0133 5.298

9 Bare 107.7 151.1 0.0169 5.999

10 Bare 123.0 151.1 0.0173 5.145

11 Bare 138.2 151.1 0.0181 3.440

12 Bare 153.5 151.1 0,0198 1.640

13 Bare 168.7 151.1 0.0198 0.844

i4 Bare 183.9 151.1 0.0221 6.120

Run 1152

1 Bare 0 93.3 0.0186 1.614 1.290
2 Bare 0 105.3 0.0179 1.175 0.939
3 Bare 0 120.6 0.0212 i.015 0.811
4 Bare 0 135.8 0.0161 1.193 0,954
5 Bare 0 151.1 0.0169 1.251 1.000
6 Bare 0 166.3 0.0160 1.384 1.106
7 Bare 0 181.5 0.0185 1.597 1.277
8 Bare 0 196.8 0.0187 1.860 1.487
9 Bare 0 208.8 0.0208 2.210 1.767
10 Bare 15.2 93.3 0.0164 1.748 1.397
i1 Bare 15.2 120.6 0.01995 1.073 0.858
12 Bare 15.2 151.1 0.0168 1.324 1.058
13 Bare 15.2 181.5 0.0189 1.636 1.308
14 Bare 15.2 208.8 0.0104 2,122 1.696
15 Bare 30.5 93.3 (.0148 1.854 1.482
16 Bare 30.5 105.3 0.0145 1.341 1.072
17 Bare 30.5 120.6 0.0185 1,131 0.888
18 Bare 30.5 135.8 0.0157 1.300 1,039
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TABLE 12.6

{Continued)
.y Norm.
Foil ‘P051t10n - Foil . to Center

) - Radial Axial Weight d/ m/ gm at S.D, of Cor
No. Type  Aem) em) tgim) x 10 . x107°
Run 1152 {Cont'd)

19 Bare 30.5 151.1 0.0161 1.445 1.155
20 Bate 30.5 166.3 0.0201 1.495 1.195
21 Bare 30.5 181.5 0.0163 . 1.806 1.444
22 Bare 30.5 196.8 0.0172 2.134 1.706
23 Bare 30.5 208.8 0.0130 2.420 1.934
24 Bazre 61.0 93.3 0.0144 ’ 2.495 1.994
25 Bare 61.0 105.3 0.0183 2.399 1.918
26 Bare 51.0 120.6 0.0187 2.042 1.632
27 Bare 53.3 135.8 0.0153 2.042 1.632
28 Bare 53.3 151.1 0.0174 2.428 1.941
29 Bare 53.3 166.3 0.0153 2.370 1.894
30 Bare 45,7 181.5 0.0141 2.387 1. 908
31 Bare 45.7 196.8 0.0161 2.509 2.006
32 Bare 45,7 208.8 0.0169 2.665 2.130
33 Bare 76.2 93.3 0.0164 3.064 2.449
34 Bare 76.2 120.6 0.0160 2.973 2.376
35 Bare 76. 2 151.1 0.0161 3.090 2.470
36 Bare 76.2 i8l.5 0.0163 3.024 2.417
37 Bare 76.2 208.8 0.0199 2.874 2.297
38 Bare 91.4 93.3 0.0177 3,760 3.006
39 Bare 9l .4 120.6 0.0175 4,173 3.336
40 Bare 91.4 151.1 0.0179 4,095 3.273
41 Bare 91.4 181.5 0.0189 3.882 3.103
42 Bare 91.4 208.8 0.0210 2.961 2.367
43 Cd cov 0 '89.4 0.0143 1.266

44 Cd cov 0 59.6 0.0131 0.346

45 Cd cov 0 29.1 0.0177 0.010

46 CGd cov  93.2 151.1 0.0129 1.764

47 Gd eov  123.0 151.1 0.0139 0.423

48 Cd cev 153.5 151.1 0.0177 0.013

‘Run 1153

1 Cd ¢éov 0 74.9 0.0152 1.239

2 Cd cov 0 T 44 .4 0.0133 0.055

3 Cd cov 107.7 151.1 0.0176 1.118

4 Cd cov 138.2 151.1 0.0158 0.076

5 ‘Cd cov 0 93.3 0.0209 1,043
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TABLE 12.6

{Continued)
. r- Norm.
Foil Position Foil to Center
Radial Axial Weight d/m/gm, at S, D, of Core
No. Type {cm) {cm) (gm) x 107 x 10-6
Run 1153 {Cont'd)
) Cd cov 0 120.6 0.0172 0.921
7 Cd cov 0 i51.1 0.0153 1.020
8 Cd cov 0 181.5 0.0211 1.026
9 Cd cov 0 208.8 0.0177 1.107
10 " ' Cd cow 30.5 151.1 0.0163 1.073
il Cd cov 61.0 120.6 0.0141 1.261
12 Cd.cov 53.3 151.1 0.0159 1.200
13 Cd cov 45.7 181.5 0.0199 1.136
14 Cd cov 91.4 151.1 0.0187 1.412

-164-



TABLE 12.7
Comparison of Axial Averages
Gold Foil Data

Configiiration 9

Radial I:6¢ation of Axial Averagé _
Axial Brofilé.. ... Configuration 94 Configutration 9E 9E/9A
0 1:113 1.104 " 0.992
15:2 1:145 1.153 1.007
30.5 1.256 1.263 1. 006
76.2 2.442 2.417 0.990
91.4 3.155 3.165 1.003
Comparison by Region
Region 1
0 0. 947 0.927 0.979
15.2 0.973 0.991 1.018
30.5 1.047 1.051 1.004
61.0 1.921 1.867 0.972
76.2 2.407 2.391 0.993,
9r.4 3.260 3.258 " 0.999
Region 2
0 1.013 1.024 1,011
15.2 1.063 1.078 1,004
30.5 1,184 1.186 1. 002"
53.3 1.826 1.878 . l.028
76.2 2.472 2.468 0.998
91.4 3.233 3.259 1.008
Region 3
o 1. 440 1422, 0.988
5% 2 1\, 449" 1.438 0.992
30.5° 1.620; 1.611 0.994
45,7 ¥, 970 1.975 1.003
762 2,444 2.378 0.973
97 . 4 2. 922 2900 0.992
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TABLE 12.8

Comparison of Gold Foil Data in Reflector Regions

Configuration 9

Location 6

Radial Axial Gold Foil Activity (d/m/gm x 107")

{cm) {cm) Type Configuration 94 Configuration 9E 9E/9A
0 8§9.4 Bare 2.166 2.206 1.018
0- 74.9 Bare 5.654 5.607 0.992
0 59.6 Bare 4,939 4.839 0.980
0 44 .4 Bare 3.413 3.191 0.935
0 29.1 Bare 2.111 2.050 0.971
0 13.9 Bare 1.119 1.073 0.959
0 0 Bare 0.156 0.143 0.917

93.2 151.1 Bare 5.048 5.298 1.050

107.7 151.1 Bare 5.995 5.999 1.001

123.0 151.1 Bare 4,724 5.145 1.089

138.2 151.1 Bare 3.483 3.440 0.988

153.5 151.1 Bare 1.980 - 1.640 0.828

168.7 151.1 Bare 0.835 0.844 1,011

183.9 .151.1 Bare 0.124 0.120 0.968
0 89.4 Cd 1.283 1.266 0.987
C 74.9 Cd 1.261 1.239 0.983
0 59.6 Cd 0.330 0.346 -1.048
0 44 .4 Cd 0.060 0.055 0.917
0 29.1 Cd 0.011 0.010 0.909

93.2 151.1 Cd 1.444 1.764 1.222

107.7 i51.1 Cd 1.140 1,118 0.981

123.0 i51.1 Cd 0.360 0.423 1.175

138.2 151.1 Cd 0. 066 0.076 1.152

151.1 Cd 0,010 0.013 1.300
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TABLE 12.9
Gold Foil Cadrnium Ratios

Configuration 9A

Location ) ; 6
Radial - Axial Infinitely Dilute Foil.Activity {d/m{/gm x 107"} Cadmium
(cmi) (cm) Bare Foil Cadmium Covered Foil' _ Ratio ..
0 89,4 3.174 2-113 .. 1.502
0 74.9 6.632 "2.217 2.992
0 59.6 5.205 . 0.598 8.829
o 44,4 3,461 0.104 33.36
0 29;1 2.120 0.019 111.2
93.2 151.1 6.192 2.761 2.242
107.7 151.1 6.884 ST 1.963 . 3,507
123.0 151.1 5.006 0.653 7.665
138.2 151.1 © 3.536 0.125 28.26
153.5 151.1 6.987 0.017 115.9
0 93.3 2.517 . 1.918 1.312
0 120.6 " 1.857 . 1.699 1.093
0 . i51.1 2.039 1.804 1.130
0 - 181.5 2.414 1.780 ‘ 1.357
0 208.8 3.195 2.052 . 1.557
30.5 i51.1 2.253 " 1.850 1.217
45.7 181.5 3.239 - 2.056 1.575
53.3 151.1 3.270 2.171 1.506
61.0 ., 120.6 . 3.172 ) 2,029 1.563;
91.4 151.1 5.206 2,649 1.965
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TABLE 12.10
Gold Foil Cadmium Ratios

Configuration 9E

Location 6
Radial Asxial Infinitely Dilute Foil Activity {d/m/gm x 107") Cadminm
{cm) (cm) Bare Foil Cadmium Covered Foil Ratio
0 59.4 3.139 2.119 1.481
0 74.9 6.561 2.115 3.102
0 59.6 5.093 0.563 9.043
0 44.4 3.230 0.090 35.91
0 29.1 2.058 0.018 114.5
93.2 151.1 6.408 2.858 2,243
107.7 151 1 6.870 2.005 3.427
123.0 151.1 5.453 0.702 T.773
138.2 151.1 3.499 0.131 26.63
153.5 151.1 1.651 0.023 70.67
0 93.3 2.514 1.988 1.265
0 120.6 1.798 1.639 1.097
0 i51.1 2.009 1.745 1.152
0 181.5 2.484 1.962 1.266
0 208.8 3.154 1.989 1.585
30.5 151.1 2,242 1.875 1.196
45.7 181.5 3.237 2.127 1.522
53.3 151.1 3.343 2.079 1.608
61.0 120.6 3.219 2.101 1.532
91.4 15]1.1 5.248 2.586 2.029
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Comparison of Gold Foil Cadmium Ratios (Infinitely. Dilute)

TABLE 12.11

Configurations 9A and 9E

Configuration 9E

-

-~

Location -Cadmium Ratios
Radial Axial
_{cm} {cm) Configuration 9A
0 89.4 1.502
0 4.9 2,992
0 59,6 8.829
0 44 .4 33.36
0 29.1 111.2
93.2 151.1 2,242
107.7 151.1 3.507
123.0 151.1 7.664
138.2 151.,1 28.26
153.5 151.1 115. 9
0 93.3 1,312
0 120.6 1.093
t] 151.1 1.130
0 181.5 1,357
0 208.8 1,557
30.5 151.,1 1.217
45.7 181.5 1.575
53.3 151.1 1.506
61.0 120.6 1.563
91.4 151.1 1.965

DV H 2 b = b e s O 0N =0 W B T AD W

.481
.102
. 043
.91
.5
.243
427
L773
.63
.67
.265
. 097
.152
J266°
.585
.196
.522
.608
.532
.029

9E/ 94

0.986
1.037
1.024
1.076
1..030
1.000
1.977
1.014
0.942
0.610
0.964
1.004
1.019
0.933
1.018
0.983
0.9606
1.066
0.980
1.033
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Thermal Neutron Flux

Configuration %A

TABLE 12.12

o w1 Ut

VO N

Location

"151.

Axial

89.
74.
59.
44,
29.
151.

151.
151.
151.

93.
120.
151,
i81.
208.
151,
181.
161.
120.
151.

= O 00 O e e OO

{cm)

Thermal Neutron Flux

n/ecm~-sec-watt x 107

6

NHFEMHEOFOOOOMNWINUWN WO,

. 221
.081
.311
.863
417
. 947
.663
. 009
.925
. 267
.689
.182
271
1730
.316 -
.463
.360
. 265
.315
. 942
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TABLE 12.13
Thermal Neutror_1 Flux

Configuration 9E

Location
Radial Axial Thermal Neutron Flux Configuration 9E .
{cm) {cm) n/cm? sec watt x 10-0 Configuration 9A
0 89.4 1.165 . 0.954
C 74.9 5.078 0.999
#] 59.6 5.174 0.974
C 44 4 3.586 0.928
0 29,1 2.330 0.964
93.2 151.1 4.056 1.028
107.7 151.1 5.558 0.981
123.0 151;l 5.428 1,084
138.2 151.1 3.847 0.980
153.5 - 151.1 1.859 0.820
0 93.3 0.602 0.874
0 120.6 0.182 1.000
0 151.1 0.302 1.114
0 181.5 0.596 0.816
0 208.8 1.330 1.011
30.5 151.1 0.420 0.907
45.7 181.5 1.268 0.932
53.3 151.1 1.444 1.142
61.0 120.6 1,277 0.971
91.4 151.1 3.040 1.033

Average 0.9%5 = 0.066
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TYPE 1 Fuel Element
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16~}— Stage number
1 2 3 1 2 3 i 2 3 1 2 3 1 2 3 1 «}— Fuel orientation
9 8 q 8 9 9 6 3 6 5 5 3 2 3 2 3 —}— Number of fuel
" sheets per stage
TYPE 2 Fuel Element
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16— Stage number
3 i 2 3 1 2 3 1 2 3 1 2 3 1 2 «}-- Fuel orientation
9 9 9 9 9 5 5 5 5 3 3 3 3 3 =— Number of fuel
: sheels per stage
TYPE 3 Fuel Element
1 2 3 4 5 b 7 8 9 10 11 iz 13 14 15 16|~ Stage number
3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 =f— Fuel orientation
9 9 9 9 9 9 5 5 5 5 5 3 3 3 3 3 =— Number of fuel
: sheets per stage
Region 2 >y Region 3 ~—————>

Region

Region 1

1
2

Type 1

69
53
38

The following number and types of fuel-elements will be required for each region:
Totals

Type 2 Type 3
69 70 208 (1)
54 160

53 ‘
39 39 116

3
{1) 116 of these fuel elements will be fully loaded over the 16 stages, 44 will. be loaded over Regions

1 and 2, and 48 will be loaded over Region 1 only.

Fig. 12,1

Fuel element loading pattern for configuration 9A
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Relative axial power per unit fuel mass
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Gold foil activity - d/m/gm x 1078

Normalized to core powet of 13.6 watts
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Gold foil activity - d/m/gm x 108

Normnalized to core power of 13.6 watts
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13.0D CORE ROUNDING MEASUREMENTS

The cavity reactor, under power-operation, will not have a sharp
boundary at the ends of the core. This is particularly true at the exhaust
end of a cylindrical reactor. The shape of the fueled region at the inlet end
of the core will depend on the geometry of the fuel and coolant injection
system. DBecause of these considerations, me asurements were performed
on Configuration 9A (this configuration is described in Section 12.0) to
determine the reactivity pé¢nalty due to rounding the. outer portion of the
fueled region at both ends of the core. In addition; a single stage of fuel
was removed from the inlet end to measure the effect of shortening the
core.

13.1 Rod Worth Measurements

Several rod worth measurements were obtained during the course
of the experiment and the results are given in Table 13.1. These values
are based on previously measured rod worth curves which are given in
Reference 1, p. 26 and 27. After removing the fuel in the rounding measure-
ments and all of the fuel on stage 1 at the end of the core opposite the separa-
tion plane, rod worth curve measurements were repeated to determine if the
curve shapes had changed. Inverse kinetic techniques (Reference 4) were used
to generate the curves which are shown in Figures 13.1 and 13.2. There
were 20 rods connected to seven actuators for the all-rods curve and the
single actuator curve was generated from Actuator 5 containing three rods
located in the outer ring of actuators. The points for the prevmus all
rods curve were obtained from the subcritical curve data given in
Reference 3, p. 94. The points on the single actuator curve were from
a measurement of Actuator 6 and reported in Reference 1, p. 69. ’

There were some differences in the old and new curves so the
new curves were reduced to tabular form as shown in Tables 13,2 and
13.3. The new data were subsequently used to evaluate rod worths and
k-excess -for the shorter core. The changes in rod worth are noted in
Table 13,1, The all-rods value showed a 16% decrease in worth due to
shortening the core while the worth of Actuators 3 and 6 decreased by only
4, 4%,

£

13.2 Reactivity Measurements

13.2.1 Core Average Fuel Worth Measurements

The reactivity worth of uranium was measured in each of the three
regions of Configuration 9 before performing the rounding measurements.
Prior to 'starting these medsurements, the exhaust nozzle tahk filled with
D,0 was placed in the end reflector (center of the movable tank) to increase
kZexcess. This filled the 30.5 cm diameter-hole in the end reflector, and
simulated the condition without an exhaust nozzle in the cavity reactor.

This tank of D, O was worth 0.459 + 0, 04:2%[).1{ A previdus measurement
on a core with substantially lighter loading (14 kg) gave a tank worth of
0.698 + 0.088%Ak (Reference 3, p. 162).
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The fuel worth measurements were made over a 1/4 sector of each
of the three regions. Only one region was measured at a time and the
results are shown in Table 13.4. The core average fuel woxrth is readily
obtained by multiplying the fuel fraction in each region by the average fuel
worth for that region and then summing the three products. This average
was 0.293%Ak/kg, as shown in the table.

The worth of fuel was also measured in the regions next to the
polyethylene where dilute amounts of fuel were added to the reactor to in-
crease k-excess for the rounding measurements. The fuel was placed in
the reactor in short, 2-stage fuel elements and they were positioned near
the axial midplane of the reactor to minimize any possible effect on the
desired rounding measurements. The average of two measurements gave
a uranium worth of 1.713 % 0, 025%Ak/kg, but with no correction being made
for the aluminum in the fuel elements (nominally 5% of the total effect).

13.2.2 Core Rounding

The rounding measurcments were performed in increments as
shown in Figure 13.3. The locations of the fuel elements in the three
outer rings involved in these measurements are given in Figure 13.4 for the
end of the core nearest the separation plane and Figure 13.5 for the back end
of the core or that end opposite the separation plane.

Table 13.5 contains the results of these rounding measurements.
The first increment at the separation plane was removed in three steps
as shown in the Table 13.5. It was determined by the removal of this
single stage of fuel that a.sector of the rounding measurement could be
extrapolated quite accurately to the total worth of the complete increment,
within the experimental error, so the subseqouent rounding measurements
at the separation plane were limited to a 180" sector. The same procedure
was followed at the back end of the core as at the separation plane except
that more steps were taken. The three steps used to remove increment.l
showed more variation than at the separation plane, so additional steps
were taken for increments 2 and 3 to determine if the variation observed
in increment 1 was simply data scatter. The existence of data scatter
was confined by the results. With the exception of the first increment,
fuel removal was again limited to 180° of the core. The estimated error
(68% confidence limit) on these data is 5% or less. The fuel mass was
based on the number of fuel sheets removed and an average uranium
mass of 2.62 grams per sheet so part of the data variation could be due
to slight differences in fuel mass,

The rounding measurement results show that uranium at the
separation plane in Region 3 is about twice the . worth of uranium at the
other end of the core (Region 1). This is due primarily to the differing
fuel concentrations in the two regions although the difference in the fuel
radii would also have some effect. The relative-fuel density in Region 3
was 0.325 of the fuel density in Region 1, so there would be much less
self-shielding of neutron flux in Region 3 than in Region 1. Before per-
forming the rounding measurements at the back end of the core the fuel
was restored at the separation plane end to the normal configuration.
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However, the fuel was not restored at the opposite end of the core at
the completion of the rounding measurements, After removing incre-
ment 3 at that end (inlet end), the core was shortened one stage by
removing the remaining stage 1 fuel.sheets. (The first stage of fuel is
next to the cavity wall ., There were 16 stages with stage 16 being at th
separation plane.} Sixty stage 1 fuel elements already had their fuel
removed in a 180" sector as a result of the rounding measurements.
There were a total of 208 fuel elements over Region (1) so there wezre
still 44 fuel elements containing stage 1 over the 180 sector where
increments 2 and 3 had been removed. Removal of these 44 stages
reduced k-excess 0, 3865%Ak and involved the removal of 396 sheets

of fuel or 1037.5 grams of ura.niunél. The next step was to remove the
first stage over the remaining 180 It wiil be noted from Table 13.5 .
that increment 1 had been prevmusly removed over a 180° sector at the
inlet end of the core. The next step taken was to remove 22 of the 104
first stages in the 180° sector. These were worth -0. 4265%Ak, The
remaining 82 stage l's were removed and they reduced k-excess
0.9615%Ak. The total removal of stage 1 over 180° sector was, there-
fore, worth -1.388%Ak so the effect of shortening the core one stage
(7.3 cm) and removing the fuel (4.90 kg) over that stage would reduce
k-excess by 2.776%Ak. ) '

All of the above measurements were intended to deduce the
reactivity penalty between the more easily analyzable, ' squared off"
cores and the cores more like those that would exist in a flowing gas
experiment. Besides the rounding of the "square corners, ' the fuel
would not be allowed to approachthe cavity wall as close as stage 1
fuel does. Therefore, the reactivity effects measured in these
experiments should be interpreted as a total anticipated penalty, and
can be transformed into the necessary critical fuel mass’ addition.
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TABLE 13.1
Rod Worth Measurements

During Rounding Experiment

Actuator Combinations and Reactivity Worth (%Ak)

3and 6 1 and3 5 1to7
Run No. (6 rods) {6 rods) {3 rods) {20 rods)
676 - -4.322
677 -1.415
679 -1.318
682 -1.404
683 -1.320
687 ) ' -1.451
689 ~-1.388
694 -1.513
704 ' 0.578
Averages =~-1.369 % 0.047 -1.482 £+ 0.044 -0.578 ~4.322
After removal of Stage 1
706 - -=1.300
709 - : -3.730
714 ~-3.709
715 _ -3.713
Averages -1,300 - -3.717 £0.011
After removal of Stage 1 from new rod worth curves
706 -1.309
709 -3.715
714 ~3.531
715 -3.616
Averages ~1.309 -3.621 0,092
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Seven Actuator Tabular Rod Worth Curve

TABLE 13.2

One Stage of Fuel Removed at Control Rod End

0 100 200 300 400 500 600 700 800 900

0 100.00 100. 00 98.40 96.60 94.46 91.96 89.06 85.76 82.23 78.73
1000 75,38 72.16 69.06 66.08 63.22 60.45 57.82 55.30 52.88 50.56
2000 48,33 46.19 44,14 42.16 40,26 38.44 36,69 35,01 33.40 31.85
3000 30.37 28.93 27.55  26.21 24.92 23.68 22.49 21.34 20.24 19,18
4000 18.15 17.17 16.23 15.33 14.45 13.63 12.83 12.07 11.35 10.66
5000 10.00 - 9,37 8.77 8.20 7.66 7.15 6.67 6.21 5.78 5.38
6000 5,00 4,64 4,30 3,98 3.68 3.40 3.14 2.89 2.66 2.44
7000_ 2.24 2.05 1.87 1.70 1.53 1.38 1.24 1,11 0.98 0.86
8000 0.75 0.65 0.55 0.46 0.38 0.31 0.24 0.18 0.13 0.09
9000 ‘0.06 0.04 0.02 0.01 0.00

0 100 200 300 400 500 600 700 800 900

0 0 0 1.60 1.80 2.14 2.50 2.90 3.30 . 3.53 3.50
1000 3,35 - 3.22 3.10 2.98 2.86 2.717 2.63 2.52 2.42 2.32
2000 2,23 2.14 2.05 1.98 1.90 1.82 1.75 1.68 1,61 1.55
3000 1.48 1.44 1.38 1.34 1.29 1.24 1.19 1.15 1.10 1.06
4000 1.03 0.98 ° - 0.94 0.90 0.87 0.83 0.80 0.76 0.72 0.69
5000 0,66 0.63 0.60 0.57 0.54 0.51 0.48 0.46 0.43 0.40
6000 0,38 0. 36 - 0.34 0.32 0.30 0.28. 0.26 0.25 0.23 0,22
7000 0.20 0.19 0.18 0.17 0.17 0.15 0.14 0.13 0.13 0.12
8000 0.11 0.10 0.10 0,09 0.08 0.07 0.07 0,06 0.05 0.04
9000 0.03 0.02 0.02 0.01 0.01 0 .
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TABLE 13.3

Actuator 5 Tabular Rod Worth Curve

Stage 1 Removed - % Worth Inserted

0 100 200 300 400 500 600 700 800 900

0 100.00 100.00 99,40 98, 26 96,66 94 .45 01.58 88,08 84.48 80.88
1000 - 77.34 - 173.96 70.76 67.72 64.82 62.05 59,4} 56.86 54 .42 52.10
2000 49,85 47,68 45,58 43,56 41.62 39.75 37.95 36.23 34.57 32.97
3000 31.34 29,97 28.56 27.20 25.90 24.65 23.45 22.32 21.22 20,17
4000 19.16 18.17 17.23 16.33 15.46 14.62 13.82 13,04 12.29 11.57
5000 10.87 10,20 9. 56 8.96 8.37 7.80 7.36 6.74 6.24 5.77
6000 5.32 4,90 4.50 4,12 3.76 3.42 3.10 2.80 2.52 2.26
7000 2.02 1.80 1.59 1.40 1.22 1.06 0.91 0.77 0.64 0.53
8000 0.43 0,34 0.26 0.19 0.13 0.08 0.04 0.01 4] .
9000 ’

Difference Table
0 100 200 300 400 500 600 700 800 900

0 0 0 0.60 1.14 1.60 2.20 2.88 3.50 3.60 3.60
1000 3.54 3.38 3.20 3.04 2.90 2.77 2.64 2.55 2.44 2.32
2000 2,25 2.17 2.10 2.02 1.94 1.87 1.80 1.72 1.66 1.60
3000 1.53 1.47 1.41 1.36 1.30 1.25 1.1¢ 1.14 1.10 1.05
4000 1.01 D.99 0.94 0.90 0.87 0.84 0.80 0.78 0.75 0.72
5000 0.70 0.67 0.64 X 0.60 0.59 0.57 0.54 0.52 0.50 0.47
6000 0.45 0.42 0.40 0.38 0.36 0.34 0.32 0.30 0.28 0.26
7000 0,24 0.22 0.21 0.19 0.18 D.16 0.15 0.14 0.13 0.11
8000 0.10 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01
9000 0.00




TABLE 13.4

Fuel Worth Measurements

Configuration 9 With Exhaust Nozzle Tank in Reactor.

Reactivity
Mass of U Increase Uranium Worth
Region Added (gm) (%Ak) (%A k/kg)
1 817.4 0.1850 0.226
2 ) -524.0 0.1678 - 0.320
3 ' 379.9 0.2562 0.674
Core average 0.293

Note: Estimated standard error on the fuel worth is :1:5% or less.
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TABLE 13.5

Fuel Rounding Measurements on Configuration 9

) Sector Uranium Mass Sector Worth Worth of U Worth
Location (degrees) Removed {gm) (%A k) 360 (%AKk) (%Ak/ kg)
Separation Plane
Increment 1 g0 62.88 -0.1022 -0.4088 1.625
Increment 1 90 62.88 -0.0968 © «0,3872 1.539
Increment 1 180 125.76 -0.1952 ~-0.3904 1.552
Increment 2 180 220,08 -0,2849 -0.5698 1.295
Increment 3 180 317.02 -0.3795 ~-0.7590 1.197
Inlet End of Core
Increment 1 90 259. 38 -0,2412 ~0, 9648 0.930
Increment 1 180 516.14 -0.4265 -0.8530 0.826
Increment 1 90 259, 38 -0.2060 -0.8240 0.794
Increment 2 90 489,94 -0,3082 -1.233 0.629
Increment 2 90 489.94 -0,3134 ~1.254 0.640
Increment 3 g0 694, 30 -0.4089 -1.636 0.589
Increment 3 90 6£91.68 -0.4328 -1.731 0.626
Stage 1 completely
removed 180 2452.32 ~1.3880 -2.776 0.566

Note: Estimated standard error on the uranium worths is +5% or less
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14.0 CONTROL MEASUREMENTS

The control measurements were performed immediately follow-
ing the rounding measurements. The fuel gver stage 1 was still out of
the reactor as well as the fuel over the 180" sector involved in the round-
ing measurements at the end of the core opposite the separation plane.
Also, some fuel had been placed between the active core and cavity wall in
order to maintain a.critical assembly. The reactor was further modified
by removing a sector of the fuel annulus in the radial reflector so that con-
trol measurements could be made near the cavity wall. To compensate for
the reactivity 16ss by the removal of this fuel from the reflector, additional
uranium was placed in the région-between the active core and cavity wall.
All of the extra fuel in the region between the core and cavity wall was
evenly distributed over the length of the core and was restricted to the void
regions on-either side of the active core thus leaving the top and bottom portion
of the normal void region clear of extra fuel. This was done so as to main-
tain the usual core cavity configuration along the vertical axis in anticipa-
tion of power mapping measurements which were to follow. The total fuel
1oading in the cavity regiomwas 41.5 kg of uranium, 37.8 kg of which was
in-the normal active core region while the remainder was in the void region
between the active core and cavity wall. Despite the many compromises
inthe core from that of a normal core configuration, the measurement of
control methods in the reflector would not be compromised. These measure-
ments were made at the top of the core and hence on the vertical axis which
was essentially unperturbed.

1471 Re‘activity

All reactivity measurements obtained during this phase of the
experiment were evaluated from the rod worth curves given in Section
13.1 for the short core. The rod worths which were used are given in
Taple 13.1 after removal of stage 1 and were -1.309%Ak for Actuators
3 and 6 and -3.621%Ak for Actuators 1 to 7 (all rods).

The first group of measurements were made to evaluate a sector
of a poison sleeve which could be moved axially from within the end
reflector until it surrounded the cavity region. A plate of cadmium -
30.5 cmwide, 61.0 cm long, and 0,051 cm thick was fastened to an
aluminum positioning wand. The long dimension of the cadmium plate
was placed parallel to the length of the cavity as shown in Figure 14.1.
The cadmium weighed 877 grams. Two traverses were made from the
axial midplane of the cavity into the end reflector, each traverse at a
different radial distance from the cavity wall, as shown in Table 14.1
and Figure 14.2. The traverse which began at a radial spacing of
5.7 c¢m from the cavity wall had to be altered to 10.1 cm when positioning
the plate at the end of the cavity region because of structural hardware
interference. It was also necessary to shift the plate to one side by
21.6 cm because of a beam, which extended vertically from the cavity
tank to the outer DO tank wall. The points at 51.9 and 72.2 cm were
missed on the first'measurements because the cadmium plate position
was maintained directly over the tank and the vertical beam at the end
of the cavity prevented measurements at these locations. The curve
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shapes at the three radial distances were similar, and the poison was
worth the most at the radial location nearest the cavity wall, and not
at the flux peak (nominally 20 cm) as might apriori be expected.

Since only a small scctor of complete cadmium sleeve was
measured, measurements were made tc determine how well the data
might be expected to extrapolate to a full sleeve. The cadmium plate
was cut in half with the cut being made in the long direction of the plate.
One piece contained 427 grams and the other 450 grams after the cut.

It will be noted from Table 14.1 that 49% of the cadmium mass was

worth 54% of the total plate worth. This measurement was repeated

with the cadmium on the cavity wall, for more precise reproducibility

of position., (Actually the cadmium was placed between the polyethylene
and stainless steel liner in the cavity.) The small half of the plate was
removed first and it was worth 44% of the total worth. Then the second
half (51% of the total Cd plate) was removed and it was worth 56% of the
total worth. It is obvious from these data that there is a loss in specific
poison worth as the plate size increases. A complete sleeve of cadmium
of the same length and thickness as the above plate positioned 5.7 cm from
the cavity wall would contain about 20 times more mass than the above
plate. From the data taken thus far, it would be impossible to extrapolate
to a total sleeve worth with any certainty. It can be concluded, however,
that a large amount of control, certainly much greater than -5.0%Ak, could
be attained with a poison sleeve control system.

Measurements were also made to determine poison worth vs
nuclear absorption thickness, %_X. The poison plates for these measure-
ments were 22.1 cm wide by 40.0 cm long and were placed 7.5 cm from
the cavity wall in the radial reflector centered over the axial midplane of
the cavity. The results are given in Table 14.2 and Figure 14.3. It
will be noted from these data that when increasing from a = _X of 0.048 to
0.118, a factor of 2.46, the poison worth changed only by a Factor of
1.78, indicating a non-linearity of flux perturbation effects over these
small values of mean free path lengths. It will also be observed from
the curve that little or no advantage would be gained by using a material
thickness greater than about 6 mean free paths. Note, no advantage was
found with theborated stainless steel. Neither its epithermal cross section
for absorption nor the slowing down migration length were significant enough
to show any appreciable differences over a purely thermal absorber such
as cadmium.

The next set of measurements were concerned with a control drum
such as shown in Figure 14.4. The same cadmium plate was used as for
the sleeve measurements. The poison plate was iastened to an aluminum
drum 76 ¢m in diameter and the drum rested on the cavity wall. The long
dimension of the cadmium plate was placed parallel to the axial plane of
the cavity as was done with the sleeve measurements. The cadmium plate
was first positioned so that it was farthest from the cavity wall or in its
least effective position. It was then manually rotated in 45° increments
until it had been rotated 180° to its most poisonous position. The results
are given in Table 14.3 and Figure 14.5. The data show no peaking in
worth at the thermal flux peak, which occurs around 20 cm from the
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cavity wall, The cadmium was most effective on the cavity wall and at
this point was worth -2.05%Ak/kg of cadmium. The reactivity worth of
the aluminum drum was measured and its worth has been subtracted
from the cadinium worth.

Extrapolation of the single drum wozrth to multiple drum worth
is even more uncertain than with the sleeve worth extrapolations. However,
control drums would be physically separated from each other by a significant
amount of DO, and this effect probably would make the multiple drum extra-
polation "mdre linear' than with the sleeve extrapolation. However, it is
quite certain, from the above results, that multiple (4 or more) control
drums could provide a very large amount of control, much greater than
5%Ak.

The reactivity data presented in this section were based almost
entirely on measured differences in k-excess. In most cases the changes
were large and could not be determined from simple period differences.
In general, a set group of rods were used as a bank to evaluate k-excess.
However, this was not always the case and it was found that when changing
" rod patterns from seven actuators to two actuators, where k-excess was
low enough to do this, there was often a difference in the resulting k-excess
values. These differences were taken into account when it was necessaxy
to make changes in the rod pattern. Taking this and other factors into
account, the data results giving the poison worths should be accurate to
within a standard error of 5%.

i4.2 Power Distribution Measurements’

Bare catcher foils were exposed in the cavity region over the
top portion of the core both with and without the cadmium plate on the
drum in the radial reflector. The cadmium, when in the reflector for
these power mapping measurements, was placed in its most poisonous
position, i.e., against the cavity wall. The primary purpose of the
measurements was to show the effect of the cadmium on the fission
power distribution in the core. The specific power measurements were
actually extended beyond the core to the cavity wall as a matter of interest.

Table 14.4 contains the catcher foil data with no cadmium in
the reflector, The relative axial profiles from the center.of the cavity
to the cavity wall are shown in Figure 14.6. Each of the axial profiles
was averaged and these averages were plotted to give the composite
radial profile shown in Figure 14.7.

The cadmium plate was then placed in the reflector against
the cavity wall and the foil measurements repeated. Table 14.5 contains
the foil data and Figure 14.8 shows the relative axial profiles across the
core from the center to the cavity wall next to the cadmium plate. The
change, of course, was very dramatic near the cavity wall. In the core,
however, the comparison of the axial averages shows only an overall
general 10% decrease in the axial averages with respect to the core center,
approaching 12% at the radial edge of the core. However, at the cavity
wall between the polyethylene and stainless steel liner, there was an

-214-


http:center.of

average decrease of 42% in specific power. Figure 14.9 shows the radial
distribution of the axial averages with cadmium in the reflector.

The largest change in fission power occurred at the axial center-
line of the core. To show this, the individual foil data were plotted through
this region for both reactor conditions as noted in Figure 14.10.

The D,Q temperature for the foil exposure with no cadmium in the
reflector was 2210(‘, and Actuators 4, 5, 6, and 7 were withdrawn 1.1 cm.
All other control rods were in the withdrawn position. When the cadmium
was placed in the reflector and the cavity was power mapped, the D, O
temperature was still 21°C and Actuators 4, 5, 6, and. 7 were 44,3 tm
withdrawn. All other control rods were withdrawn. However, this differ-
ence in rod position probably had little effect on the shape of the radial
profiles, even on those that were axially averaged.

14.3 Flux Changes in Reflector Due to Shortening of the Core

A special foil exposure was made in the end and radial reflectors
using bare gold foils (0.0005 cm thick) to determine if any measurable
change occurred in the reflector flux distribution from the removal of
stage 1. The comparison was to be made with Configuration 9 prior to
the rounding the core and removal of all of stage 1. The results, all with
respect to the nermalizer foils at the table separation plane, are shown
in Figures 14.11 and 14.12. No change could be detected in the radial
reflector but there was a change in the end reflector. Care was taken
prior to the foil exposure to adjust k-excess so that the same rod positions
were used as for the Configuration 9 base measurement so that only the
effect of shortening of the core would be detected. Beyond the peak point,
to which the data were normalized, for convenience of comparisons, there -
was a gradual decrease in the relative foil activity ranging from 2% to 21%.
There was a corresponding decrease in rod worth when shortening the
core as was pointed out in Section 13.1. The two effects are consistent,
since an-overall lower neutron flux would, of course, give lower rod
worths.
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TABLE 14.1
Control Measurements

Poison on an Aluminum Wand

Cadmium
Location (1) Plate ’ Net
Worth Aluminum Cadmium Cadmium
Radial Axial (%A k) Worth Worth Worth
(cm)  (cm) (877 gm Ca) (%K) (A k) (k)
~10.1 0 -1.685 -0,033 -1.652 -1.884
.19.0 0 ~-1.232 -0.024 -1.208 -1.378 -
19.0 34.3 -1.109 ~-0.021 -1.088 -1.240
19.0 100.3 -0.221 -0.004 -0.217 -0.247
19.0 120.6 -0.095 -0, 002 -0.093 -0.106
5.7 0 ~1.710 -0.035 -1.675 -1.910
5.7 31.7 ~-1.661 -0.033 -1.628 -1.857
5.7 31.7 (3)-1.676 -0.033 -1.643 -1.873
10.1 31.7 (3)~1.488 -0.029 -1.459 -1.664
10.1 51.9(3)-1.152 ~0.022 -1.130 -1.288
10.1 72.2(3)-0.717 -0.015 -0.702 -0.800
10.1 92.4 (3)-0.364 -0.007 ~-0. 357 -0.407
10.1 112.7 (3)-0.148 -0.003 -0.145 -0.165
10.1 120.6 (3)-0.116 -0.002 -0.114 -0.130
5.7 0 -0.933 (427 gm Cd) -0.035 -0.898 -2.103
Between CHZ & SS -1.652 -- -1.652 -1.884
Between CHZ & 55 -0.734 (427 gm) -- -0.734 -1.719
Between CH‘2 &SS -0.919 (450 gm) - -0.919 ~2.042

(1) Axial reference point is the wet surface of the cavity wall of the fixed

table end reflector. The radial reference pointisthe axialcenter ofthe cavity.
(2) These are extrapolated values from one measurement at 5.7 ¢m

from the cavity wall and at the axial center of the cavity.
(3) These measurements were taken with the plate shifted to the side

21.6 cm to clear a support beam in the reflector tank.
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TABLE 14.2
Effects of Material Thickness

7.5 cm from Cavity Wall

Thickness Weight Worth
Material (cm) {gm) =X (TorXc)
w 0..0254 435.7 0.030 -0.196
NiCr 0. 0457 344.6 0.018
Stainless Steel C.0254 166.8 0.088 -0.276
With 1.05% B
SSwith1.05% B 0.0254 . 166.8 0.088 -0. 349
W 0.0254 427.0 06.030
Cadmium 0.0508 390.0 5.79 ~-0.892
TABLE 14.3
Control Measurements
Poison on an Aluminum Drum
Cadmium
Angle of Cd Cadmium Plate Cadmium Plate Worth
frcm Reference Mass (gm) Worth (%Ak) (oAk/kg)
0 877 ~0.016 -0.018
45 877 -0.057 -0.065
90 877 -0.363 - -0.414
135 877 -1.204 -1.373
130 877 -1.798 -2.050
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TABLE 14.4
Catcher Foil Data - Run 1154

No Cadmium in Radial Reflector

Location
Foil . . . :
) Radial Axial Normalized Local to Foil

No. Type (cm) {cm) Counts ()

1 Bare 0] 93.3 53103 2.964
2 Bare 0 120.6 14158 0.790
3 Bare .0 151.1 17916 1.000 (X)
4 Bare 0 181.5 30338 1,693
5 Bare 0 208.8 65905 3.679
6 Bare 15.2 93.3 54292 3.030
T Bare 15,2 120.6 14498 0.809
8 Bare 15.2 151.1 19665 1.098
9 Bare 15.2 181.5 37305 2.082
10 Bare 15.2 208.8 59088 3,298
11 Bare 30.5 93.3 63032 3.518
12 Bare 30.5 120.6 17885 0.998
13 Bare 30.5 151.1 27350 1.527
i4 Bare 30.5 181.5 45482 2.539
15 Bare 30.5 208.8 68520 3.825
16 Bare 45,7 93.3 79196 4.428
17 Bare 45.7 105.3 58652 3.274
18 Bare 45,7 120.6 23200 1.295
19 Bare 45,7 135.8 30724 1.715
20 Bare 45 .7 151.1 45804 2.557
21 Bare 45,7 166.3 45162 2.521
22 Bare 45,7 181.5 71186 3.973
23 Bare 45..7 196.8 79568 4.441
24 Bare 45,7 208.8 86412 4.823
25 Bare 53.3 93.3 83452 4.658
26 Bare 53.3 105.3 77998 4,354
27 Bare 53.3 120.6 44339 2.475
28 Bare 53.3 135.8 51449 2.872
29 Bare 53.3 151.1 63734 3.557
30 Bare 53.3 166.3 72241 4.032
31 Bare 53.3 181.5 - 80717 4.505
32 Bare 53.3 196.8 89050 4.970
33 Bare 53.3 208.8 97620 5,449
34 Bare 61.0 93.3 86991 4.855
35 Bare 61.0 105.3 88754 4,954
36 Bare 61.0 120.6 72045 4,021
37 Bare 61.0 135.8 71738 4,004
38 Bare 61.0 151.1 78046 4,356
39 Dare 61.0 166.3 86761 4,843
40 Bare 61.0 - 181.5 92718 5.175
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TABLE 14.4

(Continued)
. Loocation
Foil . . . .
Radial Axial Normalized Local to Foil
No. Type {cm) (cm) Counts {X)
41 Bare 61.0 196.8 93233 5.204
42 Bare 6.0 208.8 97218 _5.42.6
43 Bare 76.2 93.3 103163 5.758
44 Bare 76.2 105.3 100959 5.635
_ 45 Bare 76.2 120.6 95706 5.342
46 Bare 76.2 135.8 988,16 5.516
47 Bare i6.2 151.1 88318 4,930
43 Bare 76.2 166.3 93338 5.210
19 Bare 76.2 181.5 86545 4.831
50 Bare 76.2 196.8 84213 4.700
51 Bare 76.2 208.8 90092 5.029
52 Bare 91.4 . 93.3 130369 7.277
53 Bare 91.4 105.3 139889 7.808
54 Bare 8l.4 120.6 143338 8.001
55 Bare 91.4 135.8 135008 7.536
56 Bare 91.4 151.1 135686 7.573
57 Bare 91 .4 166.3 129443 T7.225
58 Bare 91 .4 181.5 129426 7.224
59 Bare 91 .4 196.8 121105 6.760
60 Bare 91.4 208.8 100012 5.582
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TABLE 14.5
Catcher Foil Data - Run 1155

Cadmium in Radial Reflector

Iocation
Foil . . . .o
Radial Axial Normalized Local to Foil

No. Type (cn) (cm) Counts (X)

1 Bare 0 93.3 60299 3.130
2 Bare 0 120.6 14791 0.768
3 Bare 0 iki.1 19265 1.000 {X)
4 Bare 0 181.5 34002 1.765
5 Bare 0 208.8 55339 2.873
6 Bare 15.2 93.3 52874 2.745
7 Bare 15.2 120.6 13443 0.698
8 Bare 15.2 151.1 18845 0.978
9 Bare 15.2 181.5 34496 1.791
10 Bare 15.2 208.8 58553 3.039
11 Bare 30.5 93.3 65316 3.391
12 Bare 30.5 120.6 18096 0.939
13 Bare 30.5 151.1 24975 1.296
14 Bare 30.5 181.5 44592 2.315
15 Bare 30.5 208.8 64192 3.332
16 Bare 45.7 93.3 77448 4,020
17 Bare 45,7 105.3. 55237 2.867
18 Bare 45,7 120.6 25334 1.315
19 Bare 45.7 135.8 24891 1.292
20 Bare 45.7 151.1 33905 1.760
21 Bare 45.7 166.3 51143 2.655
22 Bare 45.7 181.5 70131 3.641
23 Bare 45,7 196.8 73161 3.798
24 Bere 45,7 208.8 85989 4.464
25 Bare 53.3 93.3 90830 4.715
26 Bare 53.3 105.3 75175 3.902
27 Bare 53.3 120.6 35035 1.819
28 Bare 53.3 135.8 41438 2.151
29 Bare 53.3 151.1 58861 3.055
30 Bare 53.3 166.3 . 65279 3.389
31 Bare 53.3 181.5 75127 3.900
32 Bare 53.3 196.8 91957 4.773
33 Bare 53.3 208.8 95744 4.970
34 Bare 61.0 93.3 89799 4,661
35 Bare 61.0 105.3 91521 4.751
36 Bare 61.0 120.6 69734 3.620
37 Bare 61.0 135.8 66355 3.444
38 Bare 61.0 151.1 70504 3.660
39 Bare 61.0 166.3 81639 4,238
40 Bare 61.0 181.5 84505 4,387
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TABLE 14.5

{Continued)
Location
Foil . . . .
Radial Axial Normalized IlLocal to Foil
No. Type {cm) {cm) Counts (X)
41 Bare 6.0 196.8 © 92358 4.794
42 Bare 61.0 208.8 97665 5.070
43 Bare 76.2 93.3 103141 5.354
44 Bazre 76.2 105.3 96531 5.011
45 Bare 76.2 120.6 89692 4,656
46 Bare 76.2 135.8 80178 4,162
47 Bare 76,2 151.1 815m1 4,234
48 Bare 76.2 166.. 3 82540 4,285
49 Bare 76.2 i81.5 89528 4,647
50 Bare 76.2 196.8 90709 4.709
51 Bare 76.2 208.8 93909 4,875
52 . Bare 91.4 93.3 157560 8.179
53 Bare 9] .4 105.3 141791 7.360
54 Bare 91.4 120.6 77719 4.034
55 Bare 91.4 135.8 40748 2.115
56 Bare 91.4 151.1 38134 1,980
57 Bare 91.4 166.3 43408 2.253
58 Bare © 91.4 181.5 77397 4,018
59 . Bare 91.4 196.8 124196 6,447
60 Bare 91.4 208.8 116633 6.0564
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Aluminum drum

182.9 cm
Cavity Region

Reflector Region

Fig. 14.4 Layout of control drum measurements
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Angular position of cadmium plate

Fig. 14.5 Reactivity worth of rotating drum containing a sheet of cadmium 30.5 cm wide by

Drum was located in the

61.0 cm long and 0,051 cm thick and weighing 877 gm.

radial reflector centered over the cavity.
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Fig. 14.6 Relative axial power distributions from bare catcher foils
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15.0 CONCLUSIONS AND RECOMMENDATIONS

15.1 Pre-Wave Reactor Experiments

Prior to starting the wave experiments, two different core-con-
figurations were established. The first consisted of a uniformly loaded
core with the ratio of the effective active core radius to the cavity radius
of 0.68. The active core was radially surrounded by 20.6 kg of poly-
ethylene. There was a stainless steel liner covering the ends and radial
wall of the cavity which was 0.0965 cm thick and weighed 83.1 kg. There
was also an annulus of MTR type fuel plates containing 823.2 grams of
U235 in the radial reflector 19 cm from the cavity wall. The reactor was
critical with 30.5 kg of uranium in the reactor and excess reactivity was
0.177%Ak. The basic core support structure described in Section 3.1
of this report was used for this reactor.

The primary purpose for this experiment was for a direct com-
parison with an earlier experiment which contained beryllium in the radial
reflector {(Reference 1, Section 5.0). With beryllium in the radial reflector,
there were 18.1 kg of CH, surrounding the core and the critical mass was
54.1 kg of uranium. If the polyethylene were increased to 20.6 kg and
corrections were made for differences in k-excess, the adjusted critical
mass would be approximately 57.6 kg of uranium in the core.

The fuel annulus in the DO generated 13.5% of the total reactor
fission power. This, of course, ¢an be adjusted by varying the amount of
uranium in the reflector which in turn would affect the core loading. The
amount of fuel in this annulus would be governed by the power which could
be tolerated but the point is clearly shown that very substantial saving in
core loading can be achieved by having a uranium region in the reflector.
and by eliminating the beryllium heat shield in the reflector region. WNote
that by proper design, the uranium fuel element structure could serve as
a heat shield as well. Addition of a 10 cm thick slab of Be to the radial
reflector (using the uranium structure for support) would require the
addition of approximately 5 kg to the original 30.5 kg uranium loading. (1), (3)

The base core for the wave measurements was then established.
The core support structure was expanded so that it would accept and
support the waves which extended beyond the normal active core boundary.
This increased the total core aluminum mass 37.75 kg. For experimental
convenience, the polyethylene was moved to the outer 8 cm of the cavity
so that it would not interiere with the waves. With the other core com-
ponents unchanged, the reactor was critical with 30.5 kg of uranium in
the core, 34.9 kg of CH,, near the cavity wall, and k-excess was 0.179
%Ak. Moving the CH, t0 the outer 8 cm of the cavity had a substantial
positive effect on reactivity such that it more than compensated for the
increase in aluminum mass in the core support structure. As a result,
it was possible to increase the CI—I mass 14.3 kg and still have sufficient
operating k-excess.
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15.2 Fuel Wave Measurements

15.2.1 Reactivity Measurements

In an operatioral cavity reactor, the outer surface of the active
core is expected to contain irregularities in the form of waves. There
will also, be mixing of coolant (H) and urahium at the active coiré boundary.
The intent of the Wave experiments was to study the wave effects on
reactivity and power distribution for both uniform .and variable fuel density
corés., Five general types of waves were measured during the céurse of
the experiment. Examples of these are shown in Figures 15.1 to-15.6.

In all cases only the worth of the addition or the re- loca.tlon of the uranium
was rmeasured,

A summary of the core configurations is given in Table 15.1. As
noted in the table, there were three major core configu¥ations; (1) a uniform
fuel density-uniform radius core (Configurations 1 to 6}, (2) a uniform fuel
density-variable radius core (Configuration 8}, and (3) a variable fuel
denmty -variable radius core (COnflguratlon 9}. The distribution of the fuel
in Configurations 8 and 9 is given in Table 15.2 and the general layout of
the three axial regions of the active core can be seen in Figure 15.7.

Configuration 1 ‘core geometry was used for several types of
waves which were numbered from 2 to 6. Each of these configurations
had two or more wave measurements associated with it, numbered as
described in Table 15.3. The reactivity worth of each of these waves
is shown in Table 15.4. Configuration No. 2 waves represented the
addition of a single stage of fuel 6n the outer surface of the core-at
several axial positions as shown in Figure 15.1. Configuration 2A gave
the highest worth because of its location at the end of the reactor where
a larger number of neutrons from both the end and radial reflectors could
reach the wave without having to pass through some of the normal active -
core regions. The same reasoning also applies to Configuration 3A and
3B data where 2A was worth more than Configuration 3B. :

The type of waves measured for Configurations 2 and 3 would
not likely occur in an operating reactor unless transient type of eddy
currents developed. Such have occurred rear the exit end of scale
model test, but here the central gas (' fuel") will probably be of lower
than average density. Thus, the Configuration 2 and 3 type waves
represent rather extreme cases which could be considered in the de51gn
of an adequate control system.

Configuration 4 waves consisted of the cornmon ''Water type"
waves (a crest and trough) that would normally occur at thé core boundary.
With this type of wave, there was no addition of fuel t6 the reactor. Con-
figuration 4A was the type of wave shown near the separation plane in '
Figure 15.2 and was a single full wave. Configuration 4B was a double
wave including 4A and a wave near the cCenter of the core (Which was
measured to be worth 0.214%Ak by itself). The two waves together
increased k~excess 0.433% 0.017%Ak where as the sum of the two
individual waves was 0.457 = 0.021%Ak.
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Configuration 2C was also a double wave and included a wave
near the axial center of the core and ancther over stages 1 and 2, In
this case, however, the trough of the wave was on stage 1 and the crest
on stage 2, whereas the wave for Configuration 4B at the separation
plane had the crest on stage 15 and the trough on stage 15. The worth
of Configuration 4C was only 0.222 %+ 0.027%Ak which is only about half
the worth of Configuration 4B. Configuration 4A was then reversed to
determine the effect of interchanging the crest and trough of the wave
at the end of the core. The reversed wave was worth 0,122 £ 0. 017%Ak
compared to 0.243 + 0.017%Ak prior to making the interchange thus
accounting for the lower worth for Configuration 4C compared to 4B.
The reason for the lower worth with the trough of the wave at the end
of the core is that the fuel at this location is worth more than in the
stage next to the end of the core, whereas the crest of the wave is
worth about the same over the first two stages.

Configuration 4D consisted of the three waves shown in Figure
15.2 and was worth 0.532 % 0.024%Ak. In order to determine if the
worth of the three waves together equalled the sum of the individual waves,
the center wave worth was measured by itself to be worth 0.214 £ 0,013
%Ak, If itis assurned that the wave over stages 1 and 2 was worth the
same as over stages 15 and 16 (Configuration 4A reversed) %, the sum
of the individual waves was 0,579 + 0,034%Ak. These results, along
with the other data where mutliple waves were created, show some
non-linearity in worth of the individual waves when several waves
are summed to obtain a combination worth. The ! sum of the parts"
was always worth slightly more than the whole within the experimental
uncertainty range.

The large waves associated with Configurations 3 and 5 had to
be established in several increments. Because of the operational restric-
tions and the fact that the data from each increment indicated a nearly
linear extrapolation could be made for the total wave worth, only half
or a 180 degree sector of the large waves was measured, Thus, the
values given in Table 3.4 for Configurations 3 and 5 are for the total
wave extrapolated from the worth of half the wave. It will be noted that
there was a significant decrease in wave worth between Configurations
5B and 5C. These were both double wave configurations with Configuration
5B being exactly as shown in Figure 15.5. The waves were then shifted
two stages away fromm the separation plane to form Configuration 5C.
This shift caused the trough of the wave to fall over stages 1, 2, and 3
for one of the waves. The reason for the decrease in worth is, therefore,
the same as noted under the discussion of Configuration 4 where voids
are created at the end of the core.

Configuration 6 waves were of the form shown in Figui'e 15.3
where the fuel was moved radially one stage thus forming a void directly
under the wave. This represents a spalling off of the fuel from the core.
Configuration 6D represents the sum of Configurations 6A, 6B, and 6C

* This assumption is not exactly valid as the data show a wave at the
separation plane was worth more than at the other end of the core

-236-



and it will be noted that the measured worth of the three waves together
was appareéently higher by nearly 9% than the sum of the individual
measurements. But the experimental uncertainty for 68% confidence was
approximately 8%.

A compatrison between Configurations 4 and 6 show that 6A
falls between 4A and its reverse as might be expected. However, a com-
parison of the worth of the waves near the center of the core shows 6B to
be worth 22% less than the center wave of 4D, Configuration 6D was also
somewhat like Configuration 4D, each containing 3 waves, but the worth
of 6D was 9% above 4D, but again the differences are within the experimental
error. Although the comparison of the two types of waves is somewhat
inconclusive, it can be deduced that their general magnitude is about the
same and that in an operating reactor, the effects of the two types of waves
would be essentially the same.

Configuration 8 contained a uniform fuel density throughout the
active core but a variable radius. Waves were created at the end of
each of the three axial regions as shown in Figure 15.6. As noted in
Table 15.4, the amount of fuel involved in each of the single waves
decreased as the core radius of the particular region decreased. If
Configurations 8A, 8B, 8C, and 8D are compared on the basis of uranium
worth~per-gram involved in the wave, the following values are obtained:

Configuration Uranium Worth (%Ak/kg)
8A 0.588
8B 0.466
8C 0.420
8D 0.472

The above shows a decrease in specific worth of uranium as
the core radius decreases, The three waves together gave a fuel worth
of 0.472%Ak/kg. If the individual fuel worths for each wave is weighted '
by the amount of uranium used in each case, the weighted average is
0.497%Ak/kg which is 5% higher than the above number for all three waves
together, again indicating a small amount of non-linearity and interation
of the waves. These data are about like those for Configuration 4 if com-
pared to the specific worth of uranium at approximately the same wave
locations.

Configuration 9 was like Configuration 8 but with a variable fuel
density. Only one wave measurement was obtained and it is referred to
as Configuration 9E because the waves were at the same locations as for
Configuration 8E. The results were essentially the same as the specific
worth of the uranium in the waves for Configuration 9E was 0.476%Ak/kg
compared to 0.472%Ak/kg for Configuration 8E.

The relative worth of various waves on all the configurations
showed no unusual variations in worth. Table 15.5 is a summary of the
wave worth per unit mass of uranium involved, classified as to whether there
was a net addition of fuel or merely an interchange. The specific worths in
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each category vary somewhat, but these variations are only *#30% maximum.
Near the ends of the core, the shape of the wave has a noticeable effect on
the worth, but otherwise there is very little change in worth as the wave
moves down the core. The "interchange'' uranium worth does become
greater as the wave size grows. Finally, the specific worth of "uranium
addition" waves is approximately three times the specific worth of
""uranium interchange' waves.

The effect of wave size on reactivity and required critical fuel
loading (using fuel worth data from Reference 1) is shown in Figures 15.8
.and 15.9. A 30 kg base loading ina 122 x 122 cm cavity has been adopted
as the reference configuration. Alsoc shown in Figure 15.8 is the effect of
a wave on the required fuel cavity pressure for criticality. ¥or the latter,
the ideal gas law has been assumed merely for the sake of simplicity in
arriving at these conclusions. (Conditions in the power cavity with both
ion and electron pressure are quite. complex, and the ideal gas law is a
gross simplification.) Since the crest-trough waves analyzed in Figure
15.9 involve essentially no change in fuel volume, the critical pressure
curve will look the same as the critical mass curve.

Rounding of the fuel boundary and displacement of the inlet fuel
region away from the cavity wall gave a total penalty of 5.5%Ak. Using
the same reference 30 kg core as the base, this would translate to a
penaity of 14 kg, giving a 44 kg loading.*® This fuel loading penalty
involved a simultaneous 25% reduction in active core volume as a result
of these shaping measurements. The net effect would be approximately
a factor of 2.0 increase in cavity pressure,-~-i.e., P = 2.0 P , again
assuming the ideal gas law. Thus, the sensitivity of critical Puel loading
and cavity pressure to active core shape and size makes flow shaping
studies of considerable importance. An increase of core to cavity radius
ratio is a beneficial effect that can be used to compensate for fuel
boundary rounding penalties. Data on the radius ratio effect may be
found in Reference 3.

15.3 Control Methods

The three types of control methods measured were:

1. Control rods in end reflector. Thirty 1.7 cm diameter
boron carbide rods worth 6%Ak.

2. Cadmium sleeve to be inserted around cavity. Assuming
a steady geometric progression of the non-linearity factor,
the total worth of such a blade is 22%Ak, and is believed
to be a conservative estimate (underestimated).

3. Control drums (73 cm in diameter) with a 61 c¢cm long by
30 cm wide cadmium poison strip on each drum. Assuming
that six drums are worth 80% of 6 times one drum, a total
control system wozrth of 10%Ak can be achieved,

* The fact that this result is the same as the 44.2 kg loading of Configuration
9A is fortuitous.
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Figure 15.10 shows the effectiveness of these latter two control
methods in providing adequate shutdown against high core loadings and the
effectiveness for compensating for waves (the crest-trough type). Again
a 30 kg, 122 x 122 cm reference core was used. It is obvious that the
control sleeve provides virtually positive shutdown against any conceivable
overloading. However, complete expansion of the fuel into the entire cavity
will somewhat reduce the critical loadings shown in Figure 15.10.

15 4 i Power Distribution

Power mapping measurements were obtained on Configurations 1,
4D, 9A, and 9E and on the control method configurations. Unusual effects
of significance to the design and operation of a power cavity reactor were
not discoveréd. The reader is referred to the section on the particular
configuration for details on the power distribution.
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TABLE 15.1
Major Core Configuration

Fuel Wave Measurements

Major

Configuration Number of Ratio of Fuel Critical Masg,H(kg)
Number Axial Regions to Cavity Radius ~ Uranium 2
1 1 " 0.68 30.5 34.0
8 3. 0.68, 0.59, 0.51 35.9 28.5
9 . 3 0.68, 0.59, 0.51 44 .2 37.6
TABLE 15.2
Configuration 8 and 9 Fuel Distribution
Fuel Fraction Fuel Mass (kg of U)

Region Configuration 8 Configuration 9 Configuration 8 Configuration 9

1 0.476 0.658 17.1 29.1
2 0.304 0.244 10.9 10.7
3 0.220 0.098 7.9 4.4

1.000 1.000 35.9 44,2

-240-



TABLE 15,3

Core and Wave ldentification

Major Wave
Configuration Configuration Wave Stage
Number (Base for waves) Size (1). Location (2)
"1 2A 7.3 cm-~1/2 16
1 2B 7.3 cm-1/2 il
1 . 20 7.3 cm-1/2 6
1-- 3A 21.9 cm-~1/2 14 to 16
i 3B 21.9 em-1/2 Tto9
1 44 7.3 cm-1 15 to 16
1 4B 7.3 cm-1 7 & 8, 15, 16
1 4C 7.3 cm-1 1& 2, 9& 10
1 4D 7.3 cm-1 1& 2,8 &9, 15 & 16
1 5A 21.9 cm-1 11to 13 & 14to 16
1 5B 21.9 cm-1 3to5 & 6to 8
11 to 13 & 14 to 18
1 5C 21.9 cm-1 l1to3 & 4tob
- 9toll & 12 to 14
1 6A 7.3 cm-1 16
1 6B 7.3 cm-1 9
1 6C 7.3 cm-1 2
1 6D 7.3 cm-1 2,9, 16
8 8B 7.3 6
8 8C 7.3 11
8 8D 7.3 16
8 8E 7.3 6, 11, 16
9 ) 7.3 6, 11, 16

(1) Waves are either 7.3 crm square or 21.9 cm square,

They are also

W = [\S] [N TV WS R NS ol S S

) b= =

either 1/2 or whole waves with a 1/2 wave representing addition of the

wave to the outer surface of the cores.

fuel and consist of both trough and crests.
(2) Stage 1 is at the end of the cavity opposite the separation plane and
Stage 16 is at the separation plane.

Whole waves always conserve
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TABLE 15.4.

. F'uel Wave Measurement Results

Uniform Fuel Density Constant Fuel Radius Core

Wave
Uranium Addition Size Reactivity
Wave Configuration (kg) (cm -square) Worth (%Ak)
2A 0.44 7.3 0.725+0.029
2B 0.44 7.3 0.525+0, 040
2C 0.44 7.3 0.524+0,049
3A 4,84 21.9 6.136+0.159
3B 4,84 21.9 5.743+0.126
Uranium Interchanged
(kg)
4A 0.40 7.3 0.243+0,027
4B 0.81 7.3 0.433+0,017
4C 0.81 7.3 0.222+0,027
4D 1.21 7.3 0.532+0.024
4A (reversed) - 0,40 7.3 0.122+0.017
4D (center wave 0.40 7.3 0.214+0.013
only) :

- 3.30 21.9 2.812+0.144
5B 6.60 21:.9 4.838+0,230
5C 6.60 21:9 4.196%0.279
6A 0.40 7.3 0.160%0.028
6B 0.40 7.3 0.16740.019
6C 0.40 7.3 0.206+0.013
6D 1.21 7.3 0.579+0. 026
8B 0.58 7.3 0.341+0, 007
8C 0.56 7.3 0.261+0.,007
8Dh 0.45 7.3 0.189+0.006
8E 1.59 7.3 0.751+0,.022
9E 1.81 7.3 0.862+0,016
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TABLE 15.5
Fuel Worth Comparison ¥From

The Fuel Wave Experiments

* Uranium Woérth

Configuration Uranium ‘Addition (kg) T %Ak kg)
2A ) 0.44. 1.65
2B : 0.44 1.19:
2C 0. 44 1.19 ¢
3A 4.84 1...27
3B . 4,84 A.19 .

-

Uranium Interchanged (kg)

4A - 0.40 0.607

4B 0.81 0.535,

4C . 0.81 0.274.

. 4D 1.21 0.440!
4A (reversed) 0.40 0. 305,
4D (center wave only) 0.40 0.535
YN 3.30 0.852
5B 6.60 0,733

5C 6.60 0.636.

64 0.40 0.400°

6B 0.40 0.418

6C 0.40 - 0.515

6D 1.21 0.479

8B 0.58 0. 588

8C 0.56 0.466

8D 0.45 0.420

8E ' 1.59 0,472

9K 1.81 0.476.
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Control Measurements - 212, 216 through 233, 253

Control System - 16, 17
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Rod Worth - 16, 20, 28, 42, 75, 77, 126, 138, 145, 199, 202, 203,
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Core Structure - 19, 25, 26, 41, 58

Critical Mass (see specific configuration) - 28, 234

Delayed Neutrons - 20

Dimensions (of reactor) - 19, 25
(of waves) - 21

Dollar - value of effective beta - 20
Fuel'-
Annulus in reflector (MTR-Type fuel) - 19, 22, 24, 28, 32, 234
Arrangement - 17, 25, 26, 27, 28 (see specific configuration)
Composition - 19, 28
Identification - 19
Worth (see specific configuration) - 29, 31, 32, 37, 237, 243
Fuel Element
Composition {(see p. 22 and 37 of Vol. I)
Structure - 25, 26, 27
Gold Foil Activation (see specific configuration) - 20

Initial Loading (see specific configuration) - 28

Inverse Multiplication (see specific configuration) - 30, 36
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Method of measurement ~ 20
Reactor

size - 19
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Reflector dimensions - 19

Rounding (of core edges) - 16, 199

Shortening (of reactor core) - 201, 215

Stainless Steel Liner - 28, 41, 234

Thermal Flux (see specific configurations) - 44

Waves {see siaecific configuration) - 16, 17, 235, 236, 240, 241, 242, 251, 252

types - 20, 21, 244, 245, 246, 247, 248, 249, 250
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