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CRITICAL EXPERIMENTS IN AN MTR MOCKUP
USING PHOENIX FUEL

E. C. Davis, Jr.

R. I. Smith

L. D. Williams
ABSTRACT

Utilization of 240Pu as a convertible poison in plutonium-
fueled systems is being studied under the Phoenix Fuel Reactor
Program at Pacific Northwest Laboratory (PNL). An extensive
experimental program using Phoenix fuel in a critical mockup
of the Materials Testing Reactor (MTR) has been completed in
the Plutonium Recycle Critical Facility(l) (PRCF) at PNL. The
PRCF-Phoenix mockup duplicated as closely as possible the
physical configuration of the MTR in order to determine the
characteristics of such a core. The experiments performed in
this mockup provided information on the reactivity effects and
power distributions to be expected of an MTR-Phoenix fuel core
prior to the loading of a full core in the MTR. These data
have provided an excellent test of the computational methods
currently being applied to Phoenix Fuel cores. The results of
the PRCF experiments are presented in this report.
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CRI'TI CAL EXPERI MENTS IN AN MTR MOCKUP
USI NG PHOENI X FUEL
E. C. Davis, Jr.

R. |. Smith
L. D Williams

I. | NTRODUCTI ON

Utilization of 240p, as a convertible poison in plutonium-

fueled systems is being studied at Pacific Northwest Laboratory
(PNL). These studies are being made under the auspices of the
Phoenix Fuel Reactor Program, a research and development project
concerned with the use of plutonium fuel that contains a
relatively high percentage of the isotope 240py for extending
reactivity lifetime characteristics. The idea of employing
suitable plutonium isotope composites to improve time-dependent
reactivity performance of certain reactor types was originated
at Hanford Laboratories (now PNL) around 1958.

A possible application for Phoenix fuel is the replacement
of %3°U fuel cores in research reactors.?) In addition to
extending lifetimes, Phoenix fuel offers the potential for
increased neutron flux for the same power density. This
potential could be important to research reactors. Computational
studies have been made (*»*)that show the potential inherent in
the utilization of 2*%u as a convertible poison. The conversion
of the fertile **%pu into the fissionable **1pu helps balance
the loss of the initial 23°pu during power operation. Thus, a
plutonium-fueled system could be developed using 280py as a
reactivity control in the same way that boron is used as the
burnable poison in 235y fueled systems. The 240p, has the

added advantages of conversion to a fissionable isotope 241py

’
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as well as having cross sections more compatible with those of
the fissile material. ©®) An important feature of this concept
is the "rebirth™ of the fissile “*!pu isotope from the 240p,

"ashes”. |t was because of the analogy of this effect to that
of the legendary " Phoenix Bird" of ancient Egyptian mythology,

that it was dubbed "Phoenix Effect.” The fuel composites
required to produce a "Phoenix Effect” became known as " Phoenix
Fuels.™

As a demonstration of the Phoenix principle, a burnup
experiment was planned and executed for the Materials Testing
Reactor (MTR) utilizing a complete core of Phoenix Fuel. The
MTR is a light-water moderated, beryllium-reflected, high-flux
test reactor operated by Idaho Nuclear Corporation (INC) at the
National Reactor Testing Station near ldaho Falls. The possibil-
ity of using the MTR as a Phoenix fuel test bed was proposed in
the early summer of 1966, and a 3 x 9 full plutonium loading with
8 control rods in the core was designated as the configuration.

To answer the many questions associated with a complete new
core loading using Phoenix fuel, a series of critical experiments
were conducted at PNL. These critical experiments were conducted
in the Physical Constants Testing Reactor (PCTR), Critical
Approach Facility (CAF), and Plutonium Recycle Critical
Facility(l)(PRCF), prior to the loading of a full core in the
MTR Data from the PCTR and CAF experiments were used in study-
ing the conceptual neutronic characteristics of Phoenix-fueled
cores, and to test and improve on methods used to predict the
neutronic behavior of unirradiated Phoenix cores. These
experiments have been previously reported.(6’7) The final
results of the PRCF experiments are presented in this report.
Preliminary results have been previously documented, and these
reports are listed under Reference 8.
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A critical mockup of the MTR-Phoenix fuel core was con-
structed for use in the PRCF, and an extensive experimental
program has been carried out to determine the characteristics
of such a core. This mockup duplicated as closely as possible
the physical configuration planned for the MTR experiment. The
experimental program conducted in this facility has assisted in
determining the reliability of the calculational models in the
areas of localized flux and power peaking, control system
strength, and neutron leakage effects. The results of these
analytical studies are currently being documented(g).
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IT. SUMMARY AND CONCLUSIONS

An extensive experimental program has been conducted to
determine the characteristics of Phoenix fuel with various core
loadings in the MTR mockup. Among the measurements made were
the following:

e Shim-free critical size.

* Full core critical banked shim height.

* Power distributions for various configurations.
e Shim rod reactivity worths.

e Simulated regulating rod reactivity worth.

* Temperature coefficients of reactivity.

e Void reactivity worths.

e Fuel plate reactivity worths.

e Kinetics parameters.

These measurements are described in detail in this report.

Initial critical loading for the PRCF-Phoenix core was
achieved with 16-1/2 stationary fuel assemblies in a 3 x 5-1/2
array (as shown in Section V, Figure,7). The stationary boxes
in core locations X and Z-2, 4 and 6 were relocated to other
fixed element positions in order to allow insertion of the shims.
The eight shim rod-fuel follower assemblies were then installed
and the remainder of the 3 x 9 core was loaded. An approach-
to-critical experiment was performed by banked withdrawal of
the shims and the critical array for this core configuration
was achieved with the shims withdrawn to 65%.

The core was then unloaded and removed from the PRCF cell
to permit restacking of the beryllium reflector in the region

* For purposes of this report, a shorthand form of notation
has been adopted which indicates shim positions by stating
that they were Zocated in both X and z-2, 4, 6 and 8 instead
of X-2, X-4, X-6, X-8, z-2, Z-4, Z-6, and Z-8.
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adjacent to the core tank wall. This was required in order to
improve the similarity between the PRCF core and the planned

MTR-Phoenix core. The beryllium volume fraction in this region
was increased from about 70%to nearly 94%, with a correspond-

ing reduction in the volume of H,0.

After restacking the beryllium at the core-reflector inter-
face, a new shim-free critical loading was achieved with 14-1/4
fuel boxes arranged in a 3 x 4-3/4 box array (as shown in
Section V, Figure 7). The new critical mass was about 5.6 kg of
plutonium, as compared with the critical mass of 6.5 kg of
plutonium before restacking. The full-core configuration of 19
stationary fuel elements and 8 shims was implemented by adding
the remaining fixed boxes and shims after relocating the elements
that were in X and Z-4, and 6. This full-core loading in the
PRCF achieved criticality with the shims withdrawn to 59%as
compared with 65%withdrawn prior to restacking of the beryllium.
To simulate xenon poisoning in this core, borated polyethylene
sheeting was attached to the plates of the fixed fuel elements.
Distribution of this plastic throughout the core produced a
shim-critical height of 62.8% withdrawn, or an equivalent
poisoning effect of 15 nk in worth.

The experimental program was terminated after a special
core loading was constructed to obtain data from a configuration
more amenable to calculation. This core configuration consisted
of a shim rod without the fuel follower being placed in location
Y-1 and followed by the loading about it of a symmetric array
of 15-5/8 stationary fuel elements to obtain criticality.

The flux and power distribution measurements made within
the shims and fixed boxes as well as in the reflector region of
the PRCF-Phoenix core were designed to provide information on
the relative shapes and magnitudes of the power profiles. Thus,
the experiments in the MTR-Phoenix Fuel mockup not only included
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critical size measurements, but power distribution measurements
as well. These distributions were used to extrapolate the
conditions expected at initial startup in the normally shimmed
MTR-Phoenix Fuel Core. An additional extrapolation was also
made with the measured data obtained from the poisoned, shimmed
core. Special attention was paid to the power peaking observed
at the core boundaries. The power peaking at the bottom edge
of the fuel cores was also investigated as part of this study.
I t was determined that by tapering the fuel plate cores, the
power peak at that location was essentially eliminated. In
addition, gold and copper cadmium ratios were measured in the
special core loading which consisted of the cadmium shim rod
located in position Y-1.

Other measurements made in the PRCF-Phoenix core have
provided information on the worth of fuel follower shim control
rods, temperature and void coefficients of reactivity as well
as reactivity changes upon loss of fuel plates. Additional
reactivity measurements were made to determine the worth of a
simulated MTR regulating rod. The measured data obtained for
the determination of the shim rod strength and temperature
coefficients of the PRCF-Phoenix core have been analyzed and
the results of least square fits to these data are presented.
This report also includes experiments that were conducted to
measure the control and shut-down capability as well as the
kinetics parameters of the PRCF-Phoenix core.

The measurements in the MTR mockup have helped to define
the specifications for fabrication of fuel plates for the MTR
Experiment(lo) and have provided the data needed for a good
first-order estimate of the power levels which could be safely
attained during the operation of the MTR. The kinetics
parameters and reactivity coefficient measurements have provided
data which were essential to the safety analysis of the MTR
Experiment. (11) In addition, these data have provided an
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excellent test of the computational methods currently being
applied to Phoenix Fuel cores. The use of the PRCF-Phoenix
mockup experiment changed the role of the calculations to a tool
for the conversion of these experimental results to the predicted
MIR conditions. In summary, these measurements have provided
information on the reactivity effects and power distributions
to be expected of a Phoenix fuel core in the MTR and have proved
to be valuable in helping to plan(lz) the burnup experiment.
Without the measurements to assist in the MTR-Experiment design,
severe limitations on the power would have resulted because of
power peaking at the bottom edge of the core.
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ITT, GEOMETRICAL ARRANGEMENT

A top-plane view of the critical mockup of the MTR-Phoenix
fuel core that was operated in the PRCF is shown in Figure 1.
This core consisted of a 3 x 9 array of plate-type fuel elements
similar in design to the standard MTR fuel elements. Cross
sections of this core showing the two different side views are
illustrated in Figures 2 and 3. A side view of the core is
shown in Figure 2 with the shim assemblies and stationary fuel
assemblies located in the even and odd columns, respectively.
The notation "bank™ or '"banked" is used in this report to
indicate that the shims are level at the same percent withdrawn.
Columns 2 and 4 in Figure 2 illustrate the positions of the
shim assemblies when withdrawn to 0 and 100%, respectively;
whereas, the shim assemblies in columns 6 and 8 are withdrawn
approximately 60%. The cadmium section of the shim assembly
had a stroke of 30-3/4 inches. This required that the cadmium
section be withdrawn 6 inches before the top of the fuel
follower was positioned equal to the bottom of the stationary
fuel.

These assemblies were loaded into the core lattice structure
in the PRCF cell by designating which particular row (X, Y or Z)
and column (1 through 9) they were to occupy. The eight shim
control rods with fuel followers containing 12 plates each wege
inserted into the even-numbered columns of both rows X and Z.
The remaining core locations were designed to accomodate the 19
stationary fuel elements that contained 16 plates each. The
dimensional details of the shim fuel followers and stationary
fuel elements are given in Table I. The fuel within these
assemblies was comprised of A1-19.95 wt% Pu. The nominal

* For purposes of this report, a shorthand form of notation
has been adopted which indicates shim positions by stating
that they were located i n both x and 2-2, 4, 6 and 8 instead
of X-2, X-4, X-6, X-8, 2-2, Z-4, 7Z-6, and Z-8.
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FI GURE 1. PRCF-Phoenix Core Configuration, Top View
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TABLE 1.

Number of Fuel Elements

Number of Fuel Plates
per Element

Dimensions (in inches)
of Fuel Element. Assembly

Dimensions (in inches)
of Fuel Plate Assembly

Dimensions (in inches)
of Fuel Core

Dimensions (in inches)
of Coolant Channel

isotopic composition of the plutonium in this fuel was:
Pu, 19.31% 2%0py, 3.18% 241py

299

PRCF-Phoenix Fuel

3.169

0.08

0.04

0.118

Stationary

X

19

16

2.996

2.84

2.52

2.65

X

24.625

24.625

23.5

23.5

and 0.59%

3.068

0.08

0.04

0.118

BNWL-1481

Element Details

Shim Follower

242P

8

12

x 2.835

x 2.679

x 2.355

x 2.370

X

X

24.625

24.625

23.5

23.5

76.92%

u. A disassem-

bled view of a stationary element used in this Phoenix experi-

ment is shown at the top of Figure 4.

The top and bottom end

boxes are shown relative to the fuel plates in this assembly.
The aluminum side plate has been removed to obtain a better view
The bottom view is of a

of the internal array of 16 plates.
The side plate has been removed

typical Phoenix Fuel Shim Rod.
to show the 12-plate array in the fuel follower.

The MTR critical mockup was beryllium-reflected and light-
water moderated. The radial reflector consisted of beryllium
logs and triflutes which had been wrapped with polyethylene
tubing. The safety sheets shown in Figures 1 and 3 were con-
structed of rectangular sheets of 0.030-inch thick cadmium

encased in Lexan.

These sheets had a stroke of 31-7/16

inches

and they served as the primary control mechanism for reactor
operation in irradiation studies and approaches to asymptotic

periods.
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FI GURE 4. PRCF- Phoenix Core. Shim Rod with Fuel
Follower and Stationary or Fixed Assembly

Nuclear instrumentation provided the necessary data for
operating this reactor and was also used in conjunction with the
safety circuit for reactor scrams in the event of an off-normal
condition. These instruments consisted of six chambers |ocated
at the periphery of the beryllium reflector (as shown in Figure 1)
using either fission chambers or neutron-sensitive ion chambers
as detectors. These included two startup channels (Scaler and
LCRM in D and G), two intermediate range channels (Log N-1 and 2

in B and E), and two high level safety channels (Linear 1 and 2
in F and A).

14
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V. REACTOR OPERATION AND CONTROL

The safety sheets located in the beryllium reflector (shown
in Figures 1 and 3) served as the primary control mechanism for
reactor operation in irradiation studies and approaches to
asymptotic periods. The initial operational procedure used
for reactor startup at this facility consisted of dropping the
moderator through a dump valve to a storage tank located below
the PRCF reactor tank. Three of the safety sheets would then
be withdrawn to their full "out" position. These sheets were
armed by the safety circuit so they would automatically insert
in order to provide rapid shutdown reactivity if it was needed.
Scram of the safety circuit would interrupt power to the
magnets that restrained the sheets in place. This power inter-
ruption would cause the safety sheets to drop. Cell entry
would then be made to set the shims individually by hand or
to make fuel element modifications as needed to record a period
measurement in the range of 2 to 36¢ reactivity. After
completing the required core-loading change and locking the
shims out so they could not be moved up or down, the reactor
cell would be sealed and only then would the moderator be
pumped back into the reactor tank. The moderator level was
controlled by setting an adjustable weir mechanism to the
height required for that measurement. All of the remaining
safety sheets would then be fully withdrawn individually to
initiate the multiplication needed for observing and recording
of period measurements.

A loss of reactivity from the PRCF core at the rate of
2¢/hr. was encountered during the preliminary measurements.
This phenomenon was originally believed to be caused by forma-
tion of small hydrogen bubbles from an aluminum-water reaction
on the surfaces in the core which produced voids in the
moderator.
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To inhibit the bubble formation, all the fuel assemblies
were boiled in H,0 for 6 to 8 hours to improve the aluminum
oxide film on the surfaces of these assemblies. Subsequent
reactivity measurements showed that the problem had not been
completely eliminated but had been reduced in magnitude, and a
series of exploratory measurements were initiated to isolate the
cause. |t was noted that by driving the sheets full-in (instead
of dropping them), this effect on the reactor was further mini.-
mized, and the reproducibility of period measurements was
improved.

There were also indications that part of the reactivity losses
might be caused by small changes in the temperature of the H,0
coolant that occurred during the experiment. Temperature measure-
ments were performed as part of the exploratory measurements, and
these measurements were found to be extremely sensitive to the
time that the H,0 was left in the reactor tank following the
periods of heating. This was believed to be caused by cooling
on the uninsulated top and bottom reflector surfaces. Measure-
ments made immediately following moderator mixing displayed
consistent results, and this procedure was incorporated as a
standard technique for reactor operations.

The reactivity worths of the safety sheets were measured
initially in the 16-1/2 element clean core and in the first
3 x 9 shimmed core loaded into the PRCF. After restacking the
beryllium reflector, the reactivity worths of the safety sheets
were again measured in the shim-free core containing 14-1/4
stationary fuel boxes and in the second 3 x 9 shimmed core.

The worths were determined by comparing the rate of flux
decay following a sheet drop to that calculated for various step
changes in reactivity. The subsequent results show that there
appeared to be a small interaction between the safety sheets
since the measured worth of all sheets was slightly less than

16
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the sum of the measured worths of the individual sheets. The
results of the sheet measurements for the various core configura-
tions are tabulated in Table ITI.

TABLE II. Sheet Reactivity Worth Measurements
i n PRCF-Phoenix Fuel Cores

Original Restacked Reflector

Shim-free Shimmed Shim-free  Shimmed

16-1/2 Boxes 27 Boxes 14-1/4 Boxes 27 Boxes

Total System 15 nk 14 nk 21 nk 19-1/2 nk
Strongest Sheet 5 nk 3-1/2 nk 7-1/4 nk 4-1/2 nk

The worths of the safety sheets were increased about 40 to
45%due to the improvement in beryllium density between the core
tank wall and the sheet locations in the shim-free cores.
Increases of 40%and 30%, respectively, were observed for the
total package and strongest sheet, as compared to the previous
3 x 9 shimmed core.

17
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V. ACTIVITY MEASUREMENTS AT THE PRCF

Flux and power distribution measurements were made as part
of the experimental program conducted with this type of fuel in
various core configurations. The power profiles were measured
by gamma scanning the fission product activities produced within
the cores of the Phoenix fuel plates after an irradiation in
the PRCF. These irradiated plates were scanned by utilizing
the gamma scanning facility at the PRCF. The flux profiles
were determined by measuring the activity obtained from pure
copper pin detectors. These detectors were 0.25 inches in
length and 0.035 inches in diameter, and they were distributed
throughout the reactor fuel core and beryllium reflector. The
activity measurements were obtained in order to determine the
shape of the power profiles within the stationary fuel elements
and the fuel followers of the shim rods as well as the magnitude
of power peaking at the fuel edges.

A block diagram of the gamma scanning circuit at the PRCF
is shown in Figure 5. The two-channel circuit gave decay-
corrected data by using the preset count mode. The gross fis-
sion product activities in the plates with energies greater
than approximately 0.3 Mé&/ were measured using a Nal detector.
The spatial resolution was defined by a steel collimator whose
length was 11 inches and whose aperture was decreased from
0.25 x 0.52 inches to 0.128 x 0.52 inches. The decrease in the
aperture was required to increase the resolution of the measured
power distributions. This modification was completed before
measurements were obtained from the second 3 x 9 full core.

The relative position of this collimator to that of the detector
and fuel plate is shown in Figure 6.

A typical irradiation in the PRCF consisted of operating
the reactor for 30 minutes at a power of 100 watts. Plate
scanning would be initiated about 2 hours after shutdown.
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Background counting rates were recorded on both the decay and
scan channels. A plate adjacent to those that were selected to
be counted was then inserted into the decay correcting portion
of the two-channel circuit. Throughout the course of a
y-scanning measurement, a standard plate would be intermittently
counted at the position of peak flux to allow for a drift cor-
rection to be applied to the data recorded on the scan channel.
A scan of the regular fuel plate would be obtained by counting
and moving this plate in predetermined increments until the
counting time grew too large. The preset count would then be
reduced and the above stepwise procedure was continued until
the scheduled plate scans were completed. This reduction in
the preset count would occur at time intervals of 2 to

2-1/2 hours. Immediately before and after this reduction in
the preset count value was made, the output observed for the
background and standard plates were recorded to determine the
normalization factor needed to correct the scans for the varia-
tions in the preset count rate. After the final counts were
obtained from the last counting position on the regular fuel
plate, the standard plate would then be counted again. The
activity measurements at the PRCF would then be terminated
after the background data for both the decay and scan channels
were recorded. All of these data were recorded as a function
of the time of day.

A CLEAN CRITICAL ASSEMBLIES

The initial critical loading in the PRCF consisted of
16-1/2 stationary fuel elements. These were positioned cen-
trally within the reactor tank lattice structure in a 3 x 5-1/2
box array as shown in Figure 7. No shim assemblies were
included in this clean, critical core. The approach-to-critical
was performed by loading partially filled elements into the
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reactor tank at each step. Three partial assemblies were loaded
into the same column of the core lattice structure and each
incremental step loading was equivalent to adding a total of
eight plates or 1/2 of a stationary fuel box. Criticality with
this core was achieved after loading X, Y, and Z-3, 4, 5, 6

and 7 with. complete stationary fuel elements and X-2, Y-2, and
Z-2 with assemblies that contained eight plates each. An irra-
diation was performed with this core loading to determine
thermal flux distributions from copper pin activations and to
determine power distributions by gamma scanning fission product
activities in the fuel plates. The locations of these activity
measurements are shown in Figure 7. The measured distributions
and the flux and power results from a two-dimensional (2-D)
calculation using the code EXTERI\/IINATOR(IS) are compared in
Figures 8 and 9. The activity profile to be associated with an
East-West midplane traverse is shown in Figure 8. This traverse
crosses the center of the core through X-5, Y-5 and Z-5 and
continues into the beryllium reflector. The profile that is
obtained from a North-South midplane traverse is shown in Fig-
ure 9. This traverse crosses the center of the core through
Y-2, 3, 4, 5, 6 and 7 and continues into the moderator at the
edge of the fuel core.

The measurements for this clean core configuration were
completed as scheduled. The shims and remaining fixed assem-
blies were then loaded to obtain the initial 3 x 9 full core.
The experimental program and measurements which were obtained
from this core are discussed in Sections II, IV and V of this
report. This fuel was then unloaded, and the core structure
was removed from the PRCF in order to permit restacking of
the beryllium reflector in the region between the core tank
wall and the safety sheet thimbles. Upon completion of this
task, the restacked region presented a nearly solid beryllium

24
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region at the core-reflector interface. As initially stacked,
this region contained about 30%tH,0, and this change signifi-
cantly improved the similarity between the beryllium reflector
in the PRCF-Phoenix core and the reflector planned for the MTR-
Phoenix core. After restacking the beryllium and boiling the
fuel elements, a new shim-free critical loading was achieved
with 14-1/4 stationary fuel boxes arranged in a 3 x 4-3/4 box
array. These stationary fuel elements were positioned cen-
trally within the reactor tank structure as shown in Figure 7.
Complete fixed boxes were located in core lattice positions

X, Y, Z-3, 4, 5 and 6 and partial assemblies that contained

12 plates each were positioned in X-7, Y-7 and Z-7. An irra-
diation was performed with this shim-free loading and the
power distribution again was determined in the fuel plates by
scanning the fission product activities in the plates. These
measurements were obtained by utilizing the ganma scanning
facility at the PRCF with the aperture width set for an
v1/4-inch resolution. The locations of these activity measure-
ments are shown in Figure 7.

A three-dimensional power traverse of this shim-free core
was completed, and these power shapes were then normalized to
the previous shim-free core power distributions for comparison.
The measured power distribution is illustrated in Figure 10
for an East to West lateral traverse across the centerline of
the elements that were positioned in X-3, Y-3 and Z-3 at the
core horizontal midplane. A midplane traverse from North to
South across the centerline of .the element that was located
in position Y-3 is given in Figure 11. The measured power
distribution is shown in Figure 12 for an axial traverse at
the vertical centerline of the element in position Y-3 of this

core.
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B. SINGLE SHIM ROD CRITICAL ASSEMBLY

An additional critical core was constructed in the PRCF
with the fuel which involved two major loading variations within
the reactor lattice structure as compared to the previous clean
critical core (Figure 7). The stationary fuel assemblies in
this core loading were positioned adjacent to the beryllium
reflector, and in addition to these elements, it consisted of
only the cadmium section from one of the shim control rods.
This special loading was designed to provide data from a core
configuration that would be more amenable to calculation. The
shim rod without the fuel follower was placed in position Y-1,
and a symmetric array of 15-5/8 stationary fuel elements was
loaded about it to obtain criticality as illustrated in Fig-
ure 13. This critical array was produced using complete as
well as partial assemblies. The partial assemblies were |loaded
into core lattice positions X-6, Y-6 and Z-6 and contained
9, 8 and 9 plates, respectively. The complete stationary fuel
boxes were located in X-1 and Z-1, as well as X, Y, and
Z2-2, 3, 4, and 5.

Irradiations were performed in this core configuration
using gold and copper pin detectors to obtain bare and cadmium-
covered activation profiles at the horizontal midplane. Al
of these detectors were made from the pure metal and were
0.25 inches long. The diameters of these pins were 0.020 inches
and 0.035 inches for gold and copper, respectively. The pins
were covered with 0.020-inch thick cadmium covers.

The cadmium ratios obtained from the results of these mea-
surements are presented in Figure 13 as a function of reactor
position for this core. All of the results are for saturation
activities (that is, a ratio = Agare/Aiovered) measured at

the core midplane. The values for the gold and copper cadmium
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ratios are presented as gold/copper in Figure 13. The uncer-
tainties in the gold cadmium ratios were observed to be 1%,
whereas the uncertainties assigned to the copper cadmium ratios
were on the order of +3%. These results indicate that the
influence of the beryllium reflector is limited to the outer
one-quarter of a fuel box, and that the spectral change due to
the water region is limited to the outer one-half of a fuel box.
These measurements have provided experimental data from a core
with relatively simple geometry. This data will be used in
testing the computational models and methods being developed
for Phoenix fuel cores.

C. FUEL CORE CRITICAL ASSEMBLIES

The initial full-core critical loading consisted of
19 stationary fuel assemblies and 8 shim control rods which
were located in the reactor lattice positions as shown in
Figure 1. The approach-to-critical was performed by incremen-
tally withdrawing the shim rods as a bank, and the critical
height was achieved with the shims withdrawn to 65%. Ganmma
scan data were obtained at various positions within this core,
and these are illustrated in Figure 14. The decision to
restack the beryllium reflector had already been made; there-
fore, extensive measurements were not performed within this
particular core. The measurements that were made in this core
were designed to yield only qualitative information on the
characteristics of this type of fuel loading. This core load-
ing contributed substantial information on the expected shapes
of the power distributions within the shim rod fuel followers
and stationary fuel boxes. In addition, operational procedures
were identified and changed in order to ensure continuity of
the planned Phoenix Experimental Program.
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After restacking the reflector at the core reflector inter-
face, a new full core critical loading was achieved with the
shims in this 3 x 9 array withdrawn to 59%. An extensive
series of irradiations were performed with this core configura-
tion to provide both y-scan and copper pin activity measurements.
Quantitative information has been obtained from these measure-
ments on the relative shapes and magnitude of the power profile
in the shim rod fuel followers and fixed boxes, as well as the
reflector. The reactor positions at which activation data were
obtained in this second full PRCF-Phoenix core configuration
are illustrated in Figure 14. These measurements have been
used to extrapolate to the flux and power distributions that
were expected in the normally shimmed Phoenix fuel core at
initial startup in the MTR.

1. Power Profiles for Stationary Elements

The relative power distributions inferred from the center-
line scans obtained from two of the plates located in the element
that was positioned in X-5 are shown in Figure 15. The data
presented here for the interior plate (RG 2-3) and the exterior
plate (RP 2-10) have been normalized by taking the ratio of a
point of the measured activity to the core average (that is,

A. /K ). |t was noted that the axial power traverses of these
erathrﬁave shapes that are similar in profile to the regular
MTR-banked shim traverses at startup. These traverses have
shown that the axial peak power on the outside plate is located
about 5 inches above the bottom of the fuel core whereas the
power spike appears at the bottom edge of the interior plate.
The depressions in the power profiles obtained for the region
adjacent to the cadmium section of the banked shims show very
prominently in Figure 15. The relative values in this region
are a factor of ten in magnitude below the peak values.
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2. Power Profiles for Shim Fuel Follower

The axial power distributions through the centerline of an
exterior plate (RR 3-2) and an interior plate (RR 3-7) were
obtained from the shim rod fuel follower which was located at
X-6. These are illustrated in Figure 16. This data shows that
the power profiles in both plates increase to a peak again at
about 5 inches above the bottom of the stationary fuel in the
region adjacent to the fixed fuel. The traverse from plate
RP 3-2 of the shim fuel follower also shows that the axial peak
power on an outside plate is located 1 inch below the bottom of
the fuel core in the fixed fuel element. Calculations were used
to predict this power peak in the shim fuel followers below the
stationary fuel core.

Scan measurements were made at the position of peak power
on the shim fuel follower plates. These plates were sequentially
removed and scanned to determine the plate-to-plate variations
in the power peaks. A comparison of the scans obtained from
the outside three or four plates of this shim showed that the
magnitude as well as the shape of this peak was reduced. On the
other hand, the traverse obtained from plate RR 3-7 shows that
the peak no longer exists in the interior of the element. In
addition, it should be noted that a continued power production
is present in those plate sections positioned below the fixed
elements in the core.

3. Composite Power Profiles for Fixed and Shim Elements

The composite profile of the adjacent exterior plates
taken from a shim follower and stationary fuel element are
illustrated in Figure 17. The profile of the fixed plate
RP 2-10 (Figure 15) was combined with that obtained for the’
shim plate RR 3-2 (Figure 16) in order to show the effects
that the different regions of this core have on the resultant
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power distributions. The magnitude of the peak observed from
the shim fuel follower was found to be no greater than the
peak observed in an exterior plate of the fixed element at the
bottom of the core.

4. Comparisons of Calculations and Measurements

The activity measurements have assisted in determining the
reliability of the calculational models used in the areas of
localized flux and power peaking. For example, the measured
axial power profile from an interior plate is compared in
Figure 18 with the calculated(4) profile using the code
WHIRLAWAY . (%) These curves have been normalized to equal
areas. The calculation significantly overestimates the power
peaking at the bottom edge of the core. Without the measure-
ments, the calculations would have led to severe limitations on
reactor power during the MIR burnup program.

5. Tapering Fuel Plates

Irradiations were also made with plates containing tapered
fuel cores, and these results are compared with the data
obtained from a standard fuel core in Figure 19. Six plates
containing tapered fuel cores were loaded into the center of
one of the stationary fuel elements in the reactor at lattice
position Y-5. The fuel cores had tapers of 1-1/2 inches and
1/2 inch, respectively, at opposite ends of the plates. The
standard fuel core was 0.04 x 2.50 x 23.5 inches, and the
tapered plates were fabricated by linearly reducing the stan-
dard plutonium core from 0.040 to 0 inch over these effective
lengths.

Two separate irradiations were performed to identify the
changes in the power profiles that could be attributed to these
tapered plates. These measurements definitely determined the
effectiveness of the tapered fuel in further reducing the power
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spikes at the bottom of the core in a standard fuel plate.
There is at least a 30%reduction in the power peaking at the
bottom edge of the core due to the tapered plates. As a direct
result of this experiment, all of the MTR-Phoenix standard fuel
plates were tapered.

6. Power Profiles - Fuel Core Edee

As a part of this experimental program, the power peaking
at the edge of the fuel core adjacent to the beryllium reflector
was also investigated. For example, the relative power distribu-
tions inferred from the horizontal traverse of the central plate
taken from two stationary fuel elements in lattice positions X-5
and Y-5 are illustrated in Figure 20. These data show the
characteristic power peaking at the edge toward the beryllium
reflector as previously observed in the clean critical
assemblies.

7. Flux Traverse Data

Copper pin irradiations were also performed to obtain
horizontal flux profiles across the core and reflector 6 inches
below the core midplane. The locations of these copper pins
within the reactor core are identified in Figure 14. A North-
South activity profile was obtained through the center of the
Y row and this is shown in Figure 21. An East-West traverse at
the interface between the 3rd and 4th fuel columns was also
measured. These data as well as the measurements that were
made in the reflector in this plane are shown in Figure 22.
Additional copper pin activities were measured to obtain
vertical flux profiles at selected locations in the beryllium
reflector. The relative axial flux distributions for some of
these locations are illustrated in Figure 23. A comparison
was made between the experimental data and a one-dimensional
(I-D) HFN calculation ™) for the PRCF-Phoenix core, and these
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are shown in Figure 22. The calculated values were normalized
to the measured flux distributions at a point 6 inches below
the core midplane at the interface between the elements posi-
tioned at Y-3 and Y-4.

D. SIMULATED XENON-POISONED CORE

Borated polyethylene strips (0.005 x 2.5 x 23.5 inches).
were inserted into the coolant channels of the stationary fuel
elements to simulate partial xenon poisoning. The location
of these strips within the coolant channels are listed in
Table III. The total number of strips that went into each
element are listed for each lattice position in Figure 24.
Distribution of 88 strips of this material throughout the core
produced a banked shim critical height of 62.8% withdrawn, or
an effective poisoning worth of 15 mk.

TABLE III. Location of the Borated Strips Within the
Coolant Channels of the Stationary Fuel
Elements

Number of Fuel Elements

Number of That Have This Number
Borated Strips of Strips Coolant Channel Number
3 4 4, 8, and 12
4 3 2, 6, 10, and 14
5 8 2, 5, 8, 11, and 14
6 4 1, 3, 6, 10, 13, and 15
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FIGURE 24. Total Number of Borated Strips Within Each
L attice Position of the Phoenix Fuel Core

The results of measurements of flux and power profiles
obtained in the poisoned core have been normalized for compari-
son with the normal shimmed core measurements and with calcula-
tions. The results of the ganma scanning measurements indicate
that the maximum axial flux is located 6 inches below the core
horizontal midplane in position Y-5. This is consistent with
the data obtained from the unpoisoned core measurements. Addi-
tional irradiations were made in this poisoned core configura-
tion to obtain horizontal pin activity profiles throughout the
core and the beryllium reflector at 6 inches below the horizontal
midplane. Copper pins were also activated to obtain the vertical
flux profiles in the beryllium reflector at selected distances
from the core in the poisoned loading for comparison with
results from the unpoisoned loading. The results of the copper
pin activities imply that the buildup of xenon poisoning in the
core will tend to reduce the flux peak in the fuel adjacent to
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the beryllium reflector and cause an overall flattening of the
power distribution in the core, as shown in Figures 21 and 22.
The flux profile from a 1-D calculation using the code HFN(15)
has been normalized to the measurements obtained from the
poisoned and unpoisoned core configurations 6 inches below the
core midplane at the interface between the elements in Y-3 and
Y-4. The comparison of the measured and calculated results is
given in Figure 22. The results of the normalized flux profiles
show that the thermal flux reaches a peak in the beryllium reflec
tor about 3 inches from the reactor tank wall. The axial flux
profiles in the beryllium reflector from both the poisoned and
unpoisoned cores are shown in Figure 23. The flux profiles in
this region also indicate that a maximum occurs 6 inches below
the horizontal midplane of the core, which is consistent with
the shape of the power distributions in the fueled region of
the core.
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VI, PRCF- PHOENIX CORE POWER MAP

The flux and power distributions generated as part of the
MTR-Phoenix fuel mockup critical experiments have also been
analyzed to obtain: power fractions in each fuel element, the
peak-to-average power fractions, and three-dimensional power
distributions. The magnitudes and locations of the hot spots
in the core were determined. The values of the maximum power
points, A./A_ .., were found to be about 2.4 to 2.5. These
data have been. used as input to an analysis of heat transfer in
the core and the thermal hydraulic design analysis to determine
the allowable operating power level for the Phoenix fuel core
in the MIR.

A comprehensive analysis of the results of all the ganma
scan and copper pin activity data for the MTR-Phoenix fuel
mockup experiment in the shimmed core was made to develop a
detailed three-dimensional (3-D) power mg with the average
power in the core normalized to be equal to 1.0. This analysis
required the correlation of the experimental data from through-
out the core, the determination of the unique power shapes for
all core positions, and the verification of the assumption of
core symmetry. All of the measured data were used in construct-
ing the 3-D power shape in the core, which was integrated to
obtain the total core power. Some extrapolations were necessary
to construct the 3-D profile, since data were not obtained from
all points of interest in the core. All extrapolations and
assumptions were made on the conservative side; maximum values
of peaking were assumed if not measured directly. The value of
the power peak located along the vertical centerline of each
element was used as the point of normalization. The profiles
along the vertical axis, the N-S axis, and the E-W axis pass
through this point. A volumetric average power was then
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generated for each fuel element and shim fuel follower in the
core, and then for the whole core. Each data point was then
normalized by dividing by the core-average value. The percent
of power per element is presented in Figure 25 as a function
of the position of the elements in the reactor core. The ele-
ment producing the most power is seen to be located in X-5 or
as reflected into Z-5 by symmetry. The estimated uncertainties
in these power values are +10%.

The peaking factors that are to be expected of this core
for a center fuel plate and an outside fuel plate in the posi-
tion X-5 are listed in Table IV.

The hot spot in the shim fuel follower was located on the
outside fuel plate 1 inch below the stationary fuel in the core.
The ratio of the peak power to core average for this position
was observed to be 2.4. The ratio of the peak power to core
average at the bottom of the fixed fuel plates was reduced as
shown in Figure 19 from 2.5 to 1.5 by tapering the fuel cores in
the plates. This eliminated the location as a hot spot in the

core.
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TABLE IV. PRCF-Phoenix Core Peaking Factors
for Center and Outside Fuel Plate
from Position X-5

Plate From Location of p. /P
X-5 Peak Power i’ " core Source of Data

of Plate 1.87 0.04 Measured

I+

Center CL

Center Be-edge of Plate 2.2 Extrapolated from
measured data

I+

Outside CL of Plate 2.28 0.05 Measured

Outside Be-edge of Plate 2.3 Minimum lower bound,
assuming no variation
in the shape from the
center of this plate
to its edge.

Outside Be-edge of Plate 2.7 Maximum upper bound,
assuming no changes
in the shape observed
of the central plate
from its center to
the Be-edge.

Outside Be-edge of Plate 2.5 Average between mini-
mm and maximum
bound.

Results of this analysis have provided input for the pre-
liminary thermal hydraulic and heat transfer analysis of the
Phoenix fuel core in the MTR. (5) Comprehensive axial profiles
were generated to describe five lateral positions across each
plate for the three stationary fuel elements in X-5, Y-5,
and Y-6 and for the shim fuel follower located at X-6. These
are equivalent to MTR positions L-25, L-35, L-36 and L-26,
respectively. The power profiles formed the basis of the heat
transfer analysis. The MTR startup power distributions based
on the PRCF experiment show maximum power peaks occurring at
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approximately 18.5 inches below the top of the core in MTR fuel
element locations L-25 and L-45. The extrapolated peaking
factor at these locations which represents the local power to
the core average was found to be 2.5. L-24, L-26, L-44 and
L-46 are shim rod locations and these were measured to have
maximum-to-core average power ratios of 2.4, occurring approxi-
mately 12.5 inches below the top of the fuel in the shim rod.
Analysis of the experiment showed the total power produced by
element L-25 to be 4.77% of the total reactor power. An energy
balance from predictions using the MACABRE-I1 code, (16) which
yields slightly conservative results, showed that 4.89% of the
reactor power was produced in element L-25. (17) The highest
power elements and peaking factors will be used in the thermal
hydraulics analysis to determine the allowable operating power
level for the Phoenix Fuel core in the MTR.
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VIl. SHIM ROD STRENGTH AND CALIBRATION MEASUREMENTS

As part of the experimental program, calibration of one
interior and one peripheral shim was performed in the PRCF-
Phoenix core to determine their incremental worths in reactiv-
ity. This calibration was accomplished by incrementally
inserting the interior shim (X-4) from 63.6% to 38.9% while
incrementally withdrawing the peripheral shim (Z-8) from 0%
to 100%. The six remaining shims were banked at 63.6% through-
out this calibration measurement. A comprehensive analysis of
the peripheral shim calibration has been made and the experi-
mentally determined differential reactivity worths are shown as
a function of Q/% versus % withdrawal in Figure 26. These
results indicate that the maximum integrated worth of this
peripheral shim is (8.27 = 0.35)$. The criterion used in the
selection of the data for this analysis was the requirement
that the same operational procedures had to be observed for each
period measurement. Each recorded doubling time was then taken
to be an independent observation, and these data were then
evaluated by computing the reactivity worth at each equivalent
power level. Each measured worth reported herein is an average
of the differences in reactivity obtained between two successive
period runs.

Examination of the differential worth measurements for the
peripheral shim over the range of 0% to 90%withdrawn indicated
that these data could be fitted with a skewed Gaussian function.
The last 10%withdrawal, from 90%to 100%, exhibited a reversal
of worth, and this portion of the shim rod calibration curve was
extrapolated through to the last 2% withdrawn (98 to 100%). The
magnitude of this loss of reactivity was observed to be equal
to -(9.6 = 0.4)¢/% at 99%withdrawn. This phenomenon is believed
to result from moving the lower end of the fuel follower out of
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the region of high thermal neutron flux just below the core,
while the upper part of the fuel follower is being moved into
the region at the top of the core where the flux is severely
depressed by the banked shims. The shim rod calibration mea-
surements were then evaluated using a new subroutine written
for the computer code LEARN, (18, 19) \which performs a |least
squares fit to the experimental data using a sum of Hermite
polynomials. (200 best fit to the measured shim data was
obtained by applying higher orders of the Hermite polynomial
that included the first, second, and fourth terms (n =0, 1, 3
order) in this analysis. The final results obtained from this
analysis are listed in Table V for selected positions on the
shim that were also measured.

The second order (n = 2) was not used in this analysis
because the squared term would have dominated with a reduction
in the magnitude of the central peak and an increase over the
remainder of the fitted curve. The measured data did not show
these effects, so it was determined that the analysis should be
conducted with the zeroth, first, and third order polynomials.
The zeroth order Hermite polynomial is a symmetric Gaussian
function, and the results of this fit indicated that the func-
tion does not satisfactorily meet the requirements imposed by
the skewed measured distribution. The first and third order
Hermite polynomials met this requirement, but the third order
had to be dropped due to the very large error function associ-
ated with this fit. The magnitude of these errors over the
central region of this third order fit can be observed from the
values listed in Table V.

Correlations of the measured variance of the fit* were used
to determine that a first order Hermite polynomial should be

* The "measured variance of the fit" is in regard to
skewness and variation in the error function for the
measured and fitted differential reactivity worths.
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TABLE V. Shim Rod Differential Reactivity Worths
in Cents/Percent

% Withdrawal Hermitg Polynomials

of Shim M easured o™ order 15t Order 374 Order
2.5 0.83 £+ 0.07 0.52 £ 0.09 0.69 £ 0.10 0.70 + 0.15
21.0 7.03 £ 0,13 5.75 £ 0.37 5.65 * 0.29 5.62 * 0.36
38.3 17.35 £ 0.20 17.06 * 0.81 16.19 £ 0.75 15.91 % 1.42
49.5 19.67 £ 1.57 19.02 * 1.12 19.51 * 0.94 19.67 £ 3.05
61.6 16.35 £ 0.43 12.67 * 0.85 14.87 * 0.89 15.50 = 4,34
75.0 5.26 + 0.18 4,02 * 0.38 5.15 * 0.51 5.33 £ 0,72
89.5 0.18 + 0.04 0.61 £ 0.10 0.19 * 0.17 0.17 £+ 0.33

utilized. For example, the measured shim rod reactivity worth
at 49.5% withdrawn had a recorded uncertainty of +8%, while the
fitted curve value had a computed uncertainty of *5%. The
analytic function that best describes this fit is given as

zZ
Differential Reactivity Worth = [A3 + A4Z] e_l/2 (Alz AZ)

Where
A=+ (5.25 £ 0.20) x 10°°
A, = + (3.03 * 0.06)
Ag =+ (4.69 £ 0.33) x 107}
Ay = - (5.16 * 0.44) x 1071
and

Z is the % of shim withdrawn.

The fitted first order Hermite polynomial was integrated by
Simpson's Method(?1) to obtain the total worth of (8.27 + 0.35)$
for this peripheral shim (also shown in Figure 26) over the range
of 0% to 90%withdrawn. The integrated curve as well as the
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error functions of the fit to the polynomial were used to
obtain values of the reactivity worth of differential shim move-
ments for interpretation of other experimental measurements.

Eight measured points taken from the calibration of an
interior shim in position X-4 were then compared with similar
points taken from the fitted shim rod calibration curve. The
ratio of the interior shim worth to the peripheral shim worth
at each point was found to be 2 (within the uncertainties of
the measurements) resulting in a value of (16.54 * 0.86)§$ for
the total worth of the interior shim. The total shim rod worth
of this core is estimated to be (99.2 + 3.7)§ or (220 = 8) mk.
The critical loading for this core was achieved with the eight
shim rods banked at 59%withdrawn or 3/4 of the total reactivity
worth. Therefore, it is estimated that with all eight shims
fully inserted, k-effective for this assembly was (0.835 + 0.006).
Measurements of the shutdown margin of the shim rods were con-
ducted at the PRCF for this core. With all interior shims
(X-4, X-6, Z2-4, Z-6) fully withdrawn, the reactor was estimated
to be 3§ subcritical. However, withdrawal of two peripheral
and two interior shims on the same end of the core (X-6, X-8,
Z-6, Z-8) would have produced a critical core with an estimated
excess reactivity of <50¢.

A. ADDITIONAL SHIM CALIBRATION MEASUREMENTS

An experiment was conducted with the standard shimmed core
to determine the worth of an additional fuel plate in the shim
fuel follower. A new shim fuel follower which was constructed
to hold 13 plates replaced the 12-plate follower in the shim at
position Z-8 in the core. This shim was withdrawn to 90%to
put most of the fuel follower in the active region of the core.
The shim in position X-4 was located at 36.4%, and the remainder
of the shim rods were positioned at 59%withdrawn. The increase
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in the worth of the shim fuel follower due to the addition of
the 13th plate was measured to be (26.5 *+ 1.3)¢. As a direct
result of this experiment, all of the MTR-Phoenix shim fuel
followers were designed to contain 13 plates.

A shim calibration point measured in the poisoned core
(which had been poisoned to simulate partial xenon poisoning)
was compared with a similar point measured in the unpoisoned
core. The two values agreed within the uncertainties of the
measurements, implying that the shim rod strength will be essen-
tially the same in both the clean and xenon-poisoned cores.
Also, a comparison has been made between shim worths measured
at elevated temperatures and at room temperature to determine
if the fitted shim calibration curve is valid at high tempera-
tures. The results of this analysis, given in Table VI,
indicate that the fitted shim calibration curve is valid, within
the uncertainties of the measurements, for temperatures up
to 52 °C.

TABLE VI. Shim Calibration Measurements
at Elevated Temperature
% Withdrawal Temperature, Measured Fitted Value, ¢/%
of Shim °C Value, ¢/% (Temp. Range, 28 to 30 °C)
58.6 47.3 16.6 = 3.9 16.7 + 0.9

59.4 51.7 15.4 £ 2.7 16.3 £ 0.9
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VIill. SIMULATED MTR REGULATING ROD

Measurements were made to determine the reactivity worth
of a simulated MTR regulating rod. The mockup of the regu-
lating rod was inserted into Hiole No. 1 as shown in Figure 1.
A cross section of the reactor extending through the rod mockup
in Hole No. 1 is also shown in Figure 3. This regulating rod
was constructed by double wrapping a hollow auminum cylinder
with 0.020 inch thick cadmium sheeting over an effective length
of 21-1/4 inches. There were no end caps on this hollow tube,
and the 7-11/16 inch extender on the bottom of the mockup
was perforated. This design allowed the interior of the tube
to fill with HZO to the same height as recorded for the moder-
ator level within the reactor tank. A vertical traversing
mechanism was used to incrementally insert or withdraw the rod
mockup over its entire stroke of 22 inches. The normal oper-
ating range of the MTR regulating rod was established to be
equivalent to the upper half of the available stroke in the
PRCF (that is, from 11 inches withdrawn to full out).

The total worth over the full stroke of this regulating
rod mockup was measured to be (6.1 + 0.2)¢ in the normal
shimmed core and (5.7 = 0.2)¢ in the partially poisoned xenon
core. These reactivity worths were deduced from positive
period measurements. The reactivity worth of the simulated
regulating rod over the normal MTR operating range was deter-
mined to be (1.7 + 1.4)¢. Calculations indicate that transla-
tion of the rod from the position of the measurement in the
PRCF to the actual MTR location in the reflector, which is
2 inches closer to the center of the core, would increase the
worth by a factor of 1.8. Measurements with the regulating
rod mockup at a point approximately 6 inches further out from
Hole No. 1 in the reflector produced no detectable reactivity
change other than a value of (0.5 * 0.5)¢ obtained for the
total worth of this rod.
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IX. TEMPERATURE COEFFICIENTS OF REACTIVITY

Measurements of reactivity changes associated with changes
in the temperature of the moderator were also made as part of
the experimental program over the range of temperatures from
29.1 °C to 57.8 °C. The initial measurement was conducted at
room temperature, and then the moderator was heated before each
successive measurement. The H,0 in the reactor tank was trans-
ferred to a holding tank which was insulated and equipped with
special heating coils. Immediately following the period of
heating, the H,0 was transferred back to the reactor tank and
the period measurements were obtained at this elevated tempera-
ture. This procedure was repeated until the final temperature
of 57.8 °C was obtained. The same criterion used in the analysis
of the shim rod calibration measurements (Section VI) was also
applied in the selection of the data to be used in this analysis.
This requirement dictated that the same operational procedure
be observed for all period runs within this study in order for
the resultant reactivity data to be valid. Each recorded doubl-
ing time was then taken to be an independent observation, and
the data was evaluated by simultaneously comparing the differen-
tial results of two successive period runs.

The data obtained from these measurements at elevated
temperatures are presented graphically in Figure 27. This
figure also illustrates the general trend of the temperature
coefficient versus temperature for the PRCF-Phoenix core. The
dashed line indicates the calculated profile for the fitted
temperature coefficient and its error function over this range
of temperatures. These data were calculated by performing a
least squares fit to the measured results using a polynomial
function within the computer code LEARN. (18, 19)
ments were placed on this fit to the measured data. |t was

Two require-
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observed that a minimum must be obtained by the fitted data
in the range of temperatures from 34 to 44 °C. Also, the
measured values obtained at high temperatures must be
described accurately by this fit and its error function in
order to interpolate the measured data at the range of
temperatures expected during the operation of the MTR. The
equation which was used to fit the experimental data to
obtain the temperature coefficient as a function of tempera-
ture is described by a parabola of the form

Temperature Coefficient = [Al + A2 (T—AS)Z]

where
Ap = -(2.04 £ 0.13)
A, = -(1.14 + 0.33) x 1072
Ay = (3.98 % 0.11) x 101
and

T is the temperature of the core in °C.

The error function for the fitted temperature coefficient
was programmed, and values of the errors for the fitted curve
were evaluated for various temperatures. The results of this
analysis indicate that the magnitudes of the uncertainties on
the fitted data are consistent with the uncertainties of the
measured data. For example, the measured temperature coeffi-
cient at 49.7 °C was determined to be uncertain by +14%, while
the fitted curve value at this temperature had a computed
uncertainty of £10%. The measured data points are compared
with the results obtained from the fitted function in
Table VII. The temperature coefficient of reactivity for this
core is negative for all values of temperature and is
increasingly negative at higher temperatures.
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TABLE VII. PRCF- Phoenix Core Temperature
Coefficients of Reactivity

Temperature, M easured, Fitted,
°C ¢/°C ¢/°C
35.89 -(2.24 £ 0.02) -(2.21 + 0.04)
36.49 -(2.10 = 0.15) -(2.16 * 0.05)
39.82 —_ -(2.04 = 0.13)
43.27 -(2.18 + 0.07) -(2.17 £ 0.18)
49,72 -(3.21 = 0.46) -(3.16 * 0.32)
55.45 -(4.91 + 0.56) -(4.84 £ 0.68)
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X.  LOSS OF COOLANT MEASUREMENTS

An extensive series of measurements were made in the
shimmed core to determine the reactivity changes which could
be associated with loss of coolant from the core. H,0 coolant
was excluded from selected coolant channels in various positions
of the core by inserting aluminum or Teflon strips into the
elements. A special upper end box was designed and adapted to
fit one of the stationary fuel assemblies after removing the
original end box. This design change allowed the strips to be
withdrawn or inserted without removing the element from the
core. When the set of measurements in a particular core lattice
location were terminated, the special element would be moved to
another position within the core. Some of the measurements
required only that positive periods be obtained while others
also required shim movements as well. The final data obtained
from this experiment and reported herein are the results of two
or three separate measurements performed at each position
within the element. These measurements included the strip
being inserted as well as being withdrawn. This procedure was
followed until the reactivity mag of this core for the voiding
experiment was completed. The strips were as long as the fuel
plates and were either partial width (0.26 void fraction) or
full width (0.8 void fraction). The partial width strips were
positioned either at the center of a coolant channel or at the
east side of the channel. The average dimensions and percent
voids of these aluminum and Teflon strips are listed in
Table VIII.

The experimental data obtained from the simulated voids
produced by inserting the partial strips into Channel 8 were
analyzed and these results are given in Table IX. The insert
of the cutaway element within Figure 28 shows how the plates
are numbered; thus, Channel 8 of this element would be the
channel between Plates 8 and 9.



TABLE VIII. Average Dimensions and Percent Void Simulated
by Using Plates of Aluminum and Teflon in the
coolant-channels of the PRCF-Phoenix Core
Aluminum Teflon
Thickness, Width, % Void Thickness, Width, % Void
in. in. Single Channel in. in. Single Channel
Partial Channel
Voiding 0.094 0.870 26.2 0.095 0.869 26.4
Single Full
Channel Void 0.094 2.554 76.8 0.095 2.557 77.7
Multiple Full
Channel Voids 0.094 2.571 77.53 —_ — —_—

TABLE IX. Reactivity Worth of Simulated 26% Coolant Void in Channel No. 8

Element Location X-1 X-5 Y-5 Y-5

Position in Channel East Side East Side East Side Center

Reactivity Change
on Voiding by:

Aluminum -(0.5

Teflon -(0.9

1+
1+
1+

0.3)¢ -(7.9 0.3)¢ -(9.2 0.5)¢ -(13.9 = 1.4)¢

I+

0.2)¢ -(6.9

I+

0.2)¢ -(11.2

I+

0.5)¢ -

I8V T-TMNd
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The results which were obtained for the partial aluminum
strip that was inserted into the element in position Y-5 were
accumulated from the data in Table IX using core symmetry argu-
ments to generate an equivalent full channel value. The full-
channel strip measurement, made in that same core position, was
then compared with this accumulated value to determine the inter-
action of the partial strips. The partial strip values added up
to -(32.3 £ 1.6)¢ worth in reactivity which was equivalent to a
channel voiding of 78.6%. The full channel measurement essen-
tially occupied the same volume (76.8% void) as the accumulated
partial strips, but this result was recorded to be -(43.7 = 1.2)¢
or 35%larger in magnitude. All of the measured results
obtained from simulating an 80%void with aluminum or Teflon are
illustrated graphically in Figure 28. The curves presented
herein are estimated profiles of the voiding worth due to
inserting aluminum strips into rows X and Y. These results
indicate that there is a 30% decrease in the reactivity worth
from row Y to X for the same channel location at the center of
the core. There is a 50% decrease in the measured worth from
row Y to X at the edge of the core in Channel 1. In addition,
the void result produced by the Teflon which was inserted into
Channel 8 of the element in core location Y-5 is roughly 80% of
the value measured for aluminum. The results of these measure-
ments can be summarized in general as follows: the reactivity
changes due to loss of H,0 coolant were always negative, small
near core edges, and larger in the core interior with the
maximum at the center.

A. OTHER SELECTED VOIDING MEASUREMENTS

In addition to the previously discussed void measurements,
multiple-channel void worths were measured at the center of the
core in Channel 8 of fuel position X-5, Y-5, and Z-5. This

70



BNWL-1481

measurement was performed by a differential movement of the
shim at core location Z-8 from a base of 42.5% to 46.3% with-
drawn after loading aluminum strips into the stationary ele-
ments. The worth of this central core void was determined to
be -(0.97 + 0.04)$. The results which were obtained for the
full width aluminum strips inserted into the elements in posi-
tion X-5 and Y-5 were accumulated from Figure 28 to generate
an equivalent multiple channel value for comparison. Using
core symmetry arguments, these full strips add up to

-(1.04 £ 0.03)$ worth in reactivity for a void equivalence of
76.8%. The multiple-channel void measurement occupied a
volume that is essentially the same, and Table VII shows this
to be a 77.3% void. These results indicate that, in reality,
the interaction. of these aluminum strips probably cannot be
detected within the uncertainties to be associated with the
equivalent value of +1.04$ that was generated.

This experiment for determination of the reactivity worths
of multiple channel voids was continued by voiding six more
channels with additional aluminum strips. The strips were
loaded into Channels 7 and 9 in-the same three elements. The
worth of the three to nine aluminum-plate addition was
determined to be -(1.71 = 0.08)$ by another differential shim
movement from 46.3% to 55.5% withdrawn. The accumulation of
both these results (that is, zero to three plates plus three
to nine plates) yields an equivalent nine-plate void of
-(2.68 £ 0.09)$ worth in reactivity. This compares very
favorably with the measurement obtained with all simulated
voids removed, and the shim at Z-8 returned to the original
base of 42.5%. The resultant worth of this nine-channel void
measurement was determined to be -(2.77 = 0.09) $.
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XI. LOSS OF FUEL PLATES

Measurements were made to determine the reactivity worth
of the remcval of a whole element from the center cf the core
(Y-5), of single plates from an elemert at the center of the
core (Y-5), and of a plate at the side of the core (X-5). The
16 plates in a stationary fuel element are numbered sequen-
tially through 16 as shown in Figure 28. The order of plate
removal from core lattice position Y-5 was such as to maintain
symmetry around the center line of the element. Five of the
central plates from this element were sequentially removed one
at a time, and then all five plates were simultaneously
replaced. Some of these measurements required only positive
periods be performed while others also required shim movements.
One of these measurements was obtained by subcritical extrapo-
lation of the multiplication data generated upon withdrawing
all the sheets and observing that the reactor was still sub-
critical. This particular measurement was repeated twice to
ensure the validity of the observed effect on magnitude and
sign of the resultant reactivity worth to be associated with
this plate removal. The reactivity change is highly positive
for the first plate removed and requires the removal of a total
of four plates before the differential worth reverses its
sign. The final data obtained from this experiment for the
shim positions as well as the resultant reactivity worths of
the plate removals are listed in Table X.

The accumulated reactivity worth of sequentially removing
the five central plates was determined by adding up the values
listed in Table X to obtain +(56 + 3)¢. This value compares
favorably with the measured reactivity worth of +(62 = 4)¢
that would be obtained upon removing the five plates simul-
taneously. This measured value was inferred from the result
that was obtained by replacing the five plates and returning
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TABLE X. Reactivity Worth of Plates Removed
from the Element in Core Lattice
Position Y-5

Order of Plate Shim Movement, Reactivity Worth,
Removal Number Method of Measurement % Withdrawal ¢
1 8 Positive Period to Sub- 35.9 42.2 = 1.9
critical Extrapolation
2 9 Positive Periods 34.0 15.6 + 1.6
3 7 Positive Periods and 34.0 to 32.2 18.8 + 1.5
Shim M easurement
4 10 Positive Periods and 32.2 to 31.6 -0.7 + 0.2
Shim Measurement
5 6 Positive Periods and 31.6 to 32.7 -20.0 £ 1.0

Shim Measurement

the shim at Z-8 from 32.7% to 37.2% withdrawn. In addition to
these measurements, a plate was removed from Position 8 of X-5,
and the effect was observed to be +(24.3 = 1.4)¢ or about half as
large as the worth of the corresponding plate removed from Y-5.
The total worth of the most central fuel element in core lattice
position Y-5 was inferred by measurement to be equal to

(5.92 £ 0.27)$. This measured value was obtained upon inserting
this element back into the core after completing the reactor
noise measurements. The shim at Z-8 was initially located at 85%
withdrawn and it had to be moved a total span of 47.5% to 37.5%

withdrawn to compensate for the reactivity insertion.

Calculations(zz)

were also performed to simulate the effects
caused by removal of the individual fuel plates from the element
in Y-5. These calculations were performed using a four-energy
group diffusion theory representation of the reaction in slab
geometry. Successive valves of keff were calculated for six
cases, and these were used to obtain incremental worths for each

plate removed from zero to five plates. The worth curves for
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both the experiment and calculation have been generated by
interconnecting the results obtained by straight lines. These
curves are illustrated in Figure 29. The calculation not only
indicates a highly positive reactivity change to be associated
with the removal of the first fuel plate, but the shape of

this curve is similar to that of the experiment as well. The
incremental worths are greater for the calculational model

than the experimental results since the zone used to simulate
the plates being removed extended completely across the core.
In addition, the calculation required a total of four and
one-fourth plates to be removed, as compared to the four plates
for the experiment, before the differential worth reversed its
sign. 1t can be concluded from this information that the
analytical model employed in this calculation did a favorable
job in predicting the experimental effects noted for the
removal of the fuel plates from the center of the core.
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X, REACTOR NOISE MEASUREMENTS

Reactor noise data were recorded in the PRCF-Phoenix core
by use of five detectors located in three typical positions:
(1) center of the core, (2) beryllium reflector, and (3) H,0
top reflector. One BF , detector was loaded into a dummy ele-
ment, and this assembly was inserted into the reactor lattice
position Y-5. Two BF chambers were positioned on top of the
beryllium reflector at the North and South edges of the fuel
core. Two additional BF - detectors were placed into Hole No. 1
in the beryllium reflector. The chamber locations in the
reactor where noise data were successfully measured are dia-
grammed schematically in Figure 30. No interpretable results
were obtained from the chambers in the H,0 top reflector.
Satisfactory results were obtained from the chambers in the
beryllium reflector and in the center of the core with the
critical height of the banked shims at 63.5% withdrawn. The
final results obtained from the analysis of these recordings
for g/%, the effective delayed neutron fraction divided by the
prompt neutron lifetime, are listed in Table XI.

TABLE XI. PRCF-Phoenix Fuel Reactor Noise Analysis

Core Center Beryllium Reflector

/%, sec™t 59.4'+ 0.7 59.9 + 1.0

The quantity usually obtained from experimental noise
measurements is the power spectral density, and from this, one
deduces the kinetic parameters of the reactor. Experimentally,
the power spectral density is obtained by recording and ana-
lyzing a signal which is proportional to the statistical
fluctuation of the neutron population about some average value.
This fluctuation is reactor noise. 23)
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Analytically, this quantity can be derived from the space-
independent form of the neutron kinetics equations. (24) Using
the approximation of one delayed group of neutrons, (25) the
power spectral density can be expressed as

2 , ()’ w? + 3H

In(w)|“ = |TF|© = \s2) ~——""+ N
Lw 2 2
(™ + o)
where
n(w) = neutron flux as a function of frequency
TF = transfer function
n, = initial value of neutron flux
W = frequency
A = the mean decay constant
of the delayed neutron precursors

o = Begg/t

N is a background term that is independent
of frequency.
In the analysis of noise data, one infers the reactor kinetic
parameters from the shape of the power spectral density as a
function of frequency. The following form of equation was used
to fit the measured power spectrum data points (that is, power
per unit band width) :

A (AZ + wz)
= A + _2 3
y 1 7 (2 7
w (A4 + w)
where
A1 = N
2
A2 o (no/z)
A3 = A

=g
—_
W
(0]
H1
H1
~
Py
A —

4:
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This equation has been further modified as follows:
2
(A)
Z

(1) It was multiplied by a term,
2
woo+ (AS)

b

that represents the ionization chamber response. This
term is required whenever the break frequency (8/%2) occurs
at a frequency high enough to be interfered with by the
response of the system.

(2) One term was treated as zero, neglecting the parameter Aq
which in this analysis is not physically significant since
it contains effects of extraneous low frequency signals.
This treatment of A; simplifies the theory and does not
affect the results in the frequency range of interest (that
is, near w = B/2%).

The final form of the equation used in this analysis was

~

A
“A ‘—]4 and one can obtain
y = \As . 2 2 \Al _2 +\A
(u) +‘A2 w 4

this equation by performing the following substitutions:

Let
‘AS = Ay, ‘A2 = AZ, and ‘Al = Az/AZ'

This fitting of the measured data points was accomplished
using Program NOISE (22226) \which uses the general least squares
techniques incorporated in the computer code LEARN. (18,19) ...
fitting procedure incorporates nonlinear iterative logic and
statistics which involve both first- and second-order differen-
tials. The fitting procedure yields values for all the param-
eters involved, together with their errors. The frequency plots
obtained from this analysis are reproduced in Figures 31 and 32.
Analysis of the data from the chamber in the beryllium reflector
produced results not significantly different from the chamber
located at the center of the core.
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Upon completing the measurements in this core, it was
decided that a computation of the kinetic parameters sh-uld be
performed for comparison. The computer code KINPAR (27) has been
used to calculate values of the effective delayed neutron frac-

tion, Bgggs and the prompt neutron lifetime, R, for a core
composed of this type of fuel.

The KINPAR code is linked to the one-dimensional, multi-
group, diffusion-theory code HFN, (15) from which direct and
adjoint fluxes are obtained for the perturbation theory expres-
sions. The isotopic delayed neutron fractions used in KINPAR
are from Reference 28. Average inverse velocities, prompt
neutron spectra, and values of \T&E were obtained from cell
calculations using the computer codes THERMOS/BATTELLE(29)
and HRG (Hanford Revised GAM(SO))-. The average inverse velocity

was obtained according to the equation

WL
M -
[oe

The code KINPAR uses standard perturbation-theory expres-
sions for the quantities Bors and R. (28)  The specific expres-
sions used are:




and
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v j=1 J
Q =
M J J
*
v 2 )" . Z xP d
z f [Z ( f)_'] q)]J { j CPJ:' v
m=1 v -j=1 j=1
Bogg ~ total effective delayed neutron fraction
M = total number of fissionable species present
v I}i = macroscopic nu sigma fission for energy
J . .
group j for material m
¢ = real flux for energy group |

adjoint flux for energy group j

fraction of delayed fission neutrons emitted
into energy group |

fraction of prompt fission neutrons emitted
INnto energy group j

total fraction of delayed fission neutrons
emitted by material m

average inverse velocity of neutrons in
j energy group

number of energy groups for which fluxes are
to be calculated

integration over volume of entire reactor.
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A four-region, 17-energy group calculation of the PRCE-
Phoenix core was performed using the KINPAR program. A core of
fixed elements with a beryllium and H,0 reflector, in slab
geometry, was assumed for this calculation. The group structure
and other details of the analytical model are contained in
Figure 33.

The KINPAR calculation for this particular type of core
loading with stationary fuel assemblies yielded values of
8 = 2.77 x 10°° and & = 3.38 x 10 ° seconds. The ratio for 8/2
as determined by this computation is 82 sec'l, and this one-
dimensional calculation was performed to yield a value of 8/%
for a check on the order of magnitude to be expected from a
measurement. The experimental value of (59.4 = 0.7)sec'l for
B/% was obtained from a measurement in the 3 x 9 shimmed core.
The KINPAR calculation yielded results that are different than
the experimental values because of the clean core model chosen
for this analysis. The plane selected for this calculation
passed only through fixed elements (that is, like X-, Y-
and Z-5). This analytical model was necessarily one-dimensional
because of the linkage of the KINPAR code to HFN, and the model
did not include the shim control rods.
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PRCF-Phoenix Core Model Utilized for KINPAR Calculation

to Obtain Values of B,

£ and B/% for Clean Cores

GROUP UPPER ENERGY, eV
\\<::>\\ 1 10 x 10°
2 2.23 x 10°
\QQQq 3 1.05 x 10°
4 4.98 x 10°
50.161 5 2.35 x 10°
6 1.11 x 10°
7 5.25 x 107
8 2.48 x 10°
9 1.17 x 10%
10 5.53 x 10°
11 2.61 x 10°
12 1.23 x 10°
13 2.75 x 102
14 6.14 x 10
15 1.37 x 10
16 3.06
17 0.683
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