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ABSTRACT
The MTR-Phoenix Fuel Experiment was a burnup experiment in the
Materials Testina Reactor (MTR) with a plutonium-aluminum allov fueled
core, following a comprehensive set of critical experiments. This experi-
ment utilized Phoenix fuel, a mixture of plutonium isotopes with a rela-

240Pu.

tively high content of
The work described in this report includes the loading of the MTR to
critical with the Phoenix fuel core; the zero power measurements of shim
rod and regulating rod worths, power distributions throughout the core,
kinetic parameters, and reactivity worths of loss of coolant and loss of
fuel plates; and the variation of some of the above parameters as the
burnup of the core proceeded. The burnup history of the MTR-Phoenix core

is also presented. The results are compared, where possible, with results

obtained in the PRCF-Phoenix experiment and with calculations.
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[.  INTRODUCTION

The Phoenix Fuel Program at Pacific Northwest Laboratories (PNL) has as

its primary objective the exploration and evaluation of the Tonger 1ifetime

240

potential inherent in the use of the isotope Pu as a burnable poison in

nuclear reactor cores. The unusual property of 240

241

Pu as a burnable poison

is that it converts to the fissile isotope Pu upon absorbing a neutron,

This is known as the Phoenix effect. Unlike 238

240

U, which is not produced

during irradiation, Pu is formed directly by non-fissioning neutron

capture by the fissile isotope 239

Pu. The potential is therefore present
for a reactor core design exhibiting a long endurance with relatively small

reactivity change over the lifetime of the core.

(1)

Early survey work singled out a small, high power density, water
moderated core as the most 1ikely vehicle for the Phoenix effect. Since the
ultimate demonstration of the Phoenix effect would require a full scale

core depletion experiment, and since the desifed high power density, low
core volume criteria were most nearly satisfied by the Materials Testing

Reactor (MTR) type core, a burnup experiment was designed for the MTR itself.

A series of experiments was undertaken at PNL to provide support for
the eventual burnup experiment in the MTR and to obtain more general integral
information for pure plutonium systems. This campaign was conducted in
four stageé with decreasing generality as the MTR experiment became more

firmly established:

1) Measurements of the infinite multiplication factor, k_, of

arrays of borated polyethylene and A1-Pu alloy discs

in the Physical Constants Testing Reactor (PCTR).(Z)



2) Critical approach experiments with small cylindrical arrays
of cans containing polyethylene and A1-Pu fuel discs in

the Critical Approach Facility (CAF).(3)

3) Critical experiments in a mockup assembly designed to
resemble the MTR refiector and projected Phoenix core

in the Plutonium Recycle Critical Facility (PRCF).(4)

4) Startup critical experiments in the MTR with the Phoenix

core prior to beginning the burnup experiment.

The data from each of these experiments have heen ana]yzed(s) in
turn - each step Teading to further refinements in the analytical methods.
These methods were used to perform a priori calculations for the MTR

experiment, as reported in Reference 5.

The work described in this report includes the 1oading of the MTR to
critical with the Phoenix fuel core; the zero power measurements of control
system worths, power distributions throughout the core, kinetic parameters
of the core, and 1oss of coolant - loss of fuel plates reactivity worths;
and the variation of some of the above parameters as the burnup of the core
proceeded. The results are compared, where possible, with results obtained

in the PRCF-Phoenix experiment, and with caltculations.

IT. GENERAL DESCRIPTION OF MTR-PHOENIX FUEL CORE

The MTR(6’7) was a heterogeneous reactor, Tight water cooled and
moderated, which used beryllium and graphite as a reflector. The fuel
assemblies were plate type and were fabricated from aluminum. The core

measured approximately 9 inches north to south by 28 inches east to west



by 24 inches high. Surrounding the core was a bervllium reflector which was
39 3/8 inches hiah and extended out to a diameter of 54 inches. Beyond

this was a graphite reflector zone, which measured 12 feet north to south
by about 15 feet east to west by 9 feet 4 inches high. The bottom of the

graphite was located 4 feet below the core horizontal centerline.

The Phoenix core consisted of 19 fuel elements and 8 fuel-follower
shim-safety rods located in the central 3 rows of the 5 x 9 lattice in the
MTR, as shown in Figure 1. This represented a shift in position from the

standard MTR uranium core, also shown in Figure 1.

The Phoenix fuel element,illustrated in Figure 2, was similar in design
to the standard MTR fuel element in that all external dimensions were the
same for both. The Phoenix element consisted of sixteen 0.080-inch thick,
equally spaced plates curved to the MTR configuration. Each plate contained
a 0.040-inch thick alloy core composed of 21 wt% plutonium and 79 wt%

aluminum, Cladding was 6061 aluminum 0.020 inches thick.

Five of the elements were modified to contain flux monitors inserted
down the inside corner beside the side plate and between the second and
third fuel plates from the concave side and extending the full 1ength of
the plates. These flux monitors, illustrated in Figure 3, were Phoenix
fuel wires, co-extruded with 1100 series aluminum clad, with end pieces
welded on. The fuel content of each monitor was nominally 0.4 grams, and
had the same isotopic composition as the fuel plates. The two adjacent fuel
plates in the flux monitor assembly had narrower fuel cores than the standard

plates, as shown in Figure 3.

The isotopic composition of the Phoenix fuel at the start of irradia-

tion is listed in Table I.
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 TABLE 1

PLUTONIUM ISOTOPIC CONCENTRATIONS IN PHOENIX FUEL

‘ Atom'wt%.
238p 0.539 + 0.007
23%,, 66.516 + 0.055
2405 23.201 + 0.052
241p, 6.488 + 0.034
2h2p 3.257 + 0.032

The cores of the standard fuel plates contained 24.4 = 1.2 grams of plutonium
while those for the narrow core plates contained 21.0 + 1.1 grams of
plutonium. The finished Phoenix fuel element contained 390 + 5 grams of

plutonium and the flux monitor element contained 384 + 5 grams of plutonium.

The Phoenix shim safety (control) rods were physically similar to the
standard MTR shim control rods with the major exception of thicker fuel
plates in the fuel section. An assembly drawing is shown in Fiqure 4.
Except for the fuel section, all remaining components (armature assembly,
upper and lower aluminum sections, cadmium insert section, shock section,

and associated hardware) were standard MTR components.

The fuel section of the Phoenix shim safety rod consisted of thirteen
0.080-inch thick plates of standard MTR-configuration spaced with 0.110-1inch
water channels. The fuel plates utilized the same 0.040-inch thick alloy
core composed of 21 wt% plutonium and 79 wt% aluminum as those in the
regular fuel elements. The initial plutonium isotopic concentrations were

those Tisted in Table I. The plutonium loading was 22.9 + 1.1 grams per

plate, or 298 + 4 grams for the fuel section of one shim safety rod.
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ITI. INITIAL STARTUP AND ZERO POWER EXPERIMENTS

A. Fuel Loadings

The first step of the Phoenix experiment in the MTR was the load-
ing of sufficient fuel elements to form a critical array with all the shim-
safety rods nearly withdrawn. A11 non-fueled positions in the 5 x 9 array
contained beryllium reflector pieces. Initially four shim-safety rods with
Be followers were positioned in lattice positions L-22, L-42, L-28, and
L-48%.  An antimony gamma source (providing neutrons from the Be) was

installed in position L-32 for the approach-to-critical measurements.

The Toading sequence of the Phoenix fuel is summarized in Table II.
The Toading was conducted in such a manner as to maintain a nearly comp]ete
Be reflector about the loaded fuel. In the first of these steps shim-safety
rods with attached Phoenix fuel followers were installed in positions L-24,
L-44, L-26, and L-46. Thereafter, all steps of both the approach-to-critical
experiment and the post-critical loading consisted of fuel element insertions

and the removal and reshuffling of Be lattice pieces.

For each confiquration, count rate data were obtained at four rod
bank heights: 0, 12, 21, and 30 inches of withdrawal (30 inches is the
fully withdrawn position). These data were used to construct plots of -
reciprocal multiplication (1/M) as a function of total fuel content. The
plot obtained with the rods 30 inches withdrawn was used to predict the
initial critical loading. It was also compared with plots for each of the
other bank heights to verify that the shim safety rod system had adequate

shutdown capability.

*
Lattice positions are indicated in Figure 1.
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TABLE

I1

FUEL LOADING SCHEDULE FOR MTR-PHOENIX CORE

Element or Total
Fuel LB Piece . Shim Insertion Incremental Pu Content
Loading Discharged L Piece Moved Lattice Pu Addition of Core
Step From From To Designation Position  (g) ~  (q)
—_———— —— ~=--  Shim NP-5 L-24 298.0
1 -——-- c——— --—-  Shim HNP-3 L-26 297.8
———— ———— —_—— Shim NP-2 L-44 298.0
. ———— ~-==  Shim NP-6 L-46 298.1 1191.9
2 ——— —— ----  Ele. MP-22 L-35 393.3 1585.2
3 { L-38 L-25 L-38 Ele. MP-6 L-25 392.3
L-57 L-45 L-57 _.Ele. MP-3 L-45 389.7 2367.2
4 L-58 L-34 L-58 Ele. MP-4 L-34 394.4 2761.6
5 L-18 L-36 L-18 Ele. MP-2 L-36 393.2 3154.8
6 L-12 L-37 L-12 Ele. MP-1 L-37 389.2 3544.0
*7 L-32 L-33 L-32 Ele. MP-12F L-33 386.6 3930.6
8 L-31 L-23 L-31 Ele. MP-11F L-23 380.3
L-49 L-47 L-49 Ele. MP-9 L-47 392.4 4703.3
*9 L-52 L-43 L-52 Ele. MP-7 L 43 394.6
L-39 L-27 L-39 Ele. MP-8 L-27 393.8 5491.7
*10 L-21 L-32 L-21 Ele. MP-10F L-32 384.5
L-29 L-38 L-29 Ele. MP-14F L-38 384.0 6260,2
Discharge rods with Be Shim NP-7 L-22 297.8
* Shim NP-1 L-48 297.0
11 followers from L-22, Shim NP-8 L-42 2980
L-48, L-42, and L-28 hih i y
’ ’ Shim NP-4 L-28 298.0 7451.0
*12 L-11 L-31 L-11 Ele. MP-19 L-31 387.2
L-19 L-39 L-19 Ele. MP-13F L-39 383.3 8221.5
L-51 L-21 L-51 Ele. MP-23 L-21 393.6
*13 L-59 L-49 L-59 Ele. MP-18 L-49 396.3
——— L-29 Discharge Ele. MP-16 L-29 393.3
L-41 -—— ----  Ele. MP-17 L-41 392.7 9797.4

*
Critical configurations listed in Table III.
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Criticality was achieved with a core loading of seven stationary
fuel elements, four fuel-follower shim-safety rods, and four beryllium-
follower shim-safety rods as shown in Figure 5; The critical rod bank
height for this configuration was 28.853 inches. From rod calibration
data (see following section) it was determined that k = 1.002 for all
eight shim-safety rods full out. This compares with a calculated value

of k = 1.016 as reported in reference 5.

Post-critical fuel loadings were also made according to the schedule
in Table II. Following each fuel loading step, the reactor was made
critical, the banked rod positions recorded, and the adequacy of the shut-
down margin verified. These additional confiqurations are shown in
Figure 5. The banked rod position and the inferred rods-out reactivity

for each step are listed in Table III,

TABLE 11
CRITICAL CONFIGURATIONS FOR MTR-PHOENIX CORE
No. of No. of No. of Critical Inferred Ca]cu]ated(s)
Fuel Stationary  Fuel- Beryllium- Rod Rods Rods
Loading Fuel Follower Follower Bank Out Out
* . . .

Step Elements Shims Shims Height keff keff
7 7 4 4 28.853 1.002 1.016
9 11 4 4 21.40 1.057 1.070
10 13 4 4 20.30 1.071 1.085
11 13 8 - 19.00 1.089 1.086
12 15 8 - 18.75 1.093 1.096
13 19 8 - 18.03 1.104 1.113

*Refer to Table II
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CALCULATED Kg¢£=0.9743,

OBSERVED Ke <1.00

ff

CALCULATED Ke =0.9977,

ff

OBSERVED Ke <1.00

ff

CALCULATED Ke =1.016,

ff

OBSERVED Ke =1.002%

ff

CALCULATED Ke =1.113,

ff
OBSERVED K, c.=1.104%

SF| FF | SF
Be FF| FF | FF | Be
SF| FF | SF
sF| FF | sF
Be | FF| FF | FF | FF| Be
SF| FF | SF
sF| FF | sF
Be | FF | FF| FF | FF | FF| Be
SF[ FF | sF
FF | sF | FF | sF| FF | sF | FF| sF | FF
FF | FF | FF| FF| FF | FF | FF| FF | FF
FF | SF | FF| SF| FF | SF | FF| sF | FF
FIXED FUEL ELEMENTS
SHIM FOLLOWER FUEL
* ESTIMATED FROM EXPERIMENTAL ROD WORTHS
FIGURE 5.

MTR-Phoenix Critical Loading Sequence
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B. Rod Calibrations

Reactivity calibrations were performed on all eight fuel-follower
shim-safety rods in the MTR-Phoenix core. One exterior rod (L-48) and
one interior rod (L-46) were calibrated over their full 30-inch travel.
The relative worths of the remaining six rods were determined by measuring

the reactivity worth of 1 to 2 inches of withdrawal for each rod.

The technique used for these calibrations employed the movement
of the rod in calibration, the measurement of the associated stable
reactor period, and the interpretation of that pericd in terms of re-
activity using the inhour equation. ATl rod calibrations were performed
one rod at a time, inserting all remaining shim-safety rods as a bank
(£ 1.5 in, of their mean position) to re-establish criticality. The mean
position of these banked shim-safety rods was not permitted to be less

than 12,5 inches,

The shim-rod differential worths, measured at a height of 18

inches, are listed in Table IV,

TABLE IV
INITIAL SHIM ROD DIFFERENTIAL WORTHS
Shim Rod Worth (¢/in.)*
L-22 61.8 + 1.4
L-42 61.6 + 1.4
L-24 91.0 + 2.0
L-44 91.4 + 2.0
L-26 92.2 + 2.0
L-46 90.6 + 2.0
L-28 45,7 + 1.0
L-48 58.6 + 1.3

*A11 reactivity worths measured at a height of 18 inches.




14

The total integrated worth for the interior rod L-46 was determined to

be $16.5, or 44,6 milli-k. The integrated worth for the exterior rod
L-48 was $9.5, or 25.7 milli-k. The total worth of the entire 8-rod bank
was inferred to be $101, or 274 milli-k. The integrated worth of the

8-rod bank appears in Figure 6.

The phenomenon of reactivity worth reversal which was observed in
the PRCF-Phoenix Experiment(4) was also noted in the MTR. This phenomenon
is believed to result from moving the lower end of the fuel follower out
of 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
integrated worth of L-46 reached $17.4 (47.0 mk) before the reversal
lowered it to $16.5, while L-48 reached a peak integrated worth of $9.95
(26.9 mk).

The requlating rod for the MTR-Phoenix core was located in the
reflector in lattice positﬁon L-13 (see Figure 1). This rod is designed
to be moved by a servo system to provide automatic control of the reactor
pover, The reactivity worth of the regulating rod was required to be small
enough that rapid withdrawal of the rod could not cause a transient which
would damage the core and large enough that the rod could control reactor
power during routine operation. These requirements were met by setting an
upper 1imit of $1.20 and a Tower limit of $0.30 on the regulating rod

worth.

The rod tested initially had 0.040-inch cadmium sheets arranged

on a 1.195-inch diameter, covered by a stainless steel sleeve. The total
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worth of this rod was measured to be $1.65, which was excessive. A second
rod was built with a 1.710-inch diameter and an aluminum sleeve. The total
worth of this rod was $1.60. Finally, a rod was constructed with the
cadmium sheets on a 0.50-inch diameter. The total worth of this rod was
measured to be $1.02, so this rod was employed thrdughout the burnup of

the MTR-Phoenix core.

C. Power Distribution Measurements

Power and fission-rate distribution data for the MTR-Phoenix core
were obtained in a series of five irradiationé (flux runs). These data
were important in determining the maximum reactor power level as well as
providing experimental data for comparison with ca]cu]ations; The

235

distributions were determined by gamma scanning U pins, Pu wands, and

removable fuel plates.

Two demountable MTR-Phoenix fuel elements were available for use
in these low-power irradiations. Alternate fuel plates were removable from
each of these elements. These plates were gamma scanned following ir-
radiation to obtain individual fuel plate power distributions. The power
generation in the element was then inferred by plotting these measured
plate powers as a function of position in the element and assigning powers
to the fixed plates by interpolation.

Relative powers from element to element were determined from the

235U wires which were téped to plastic wands located in water

235

activity of

channel No. 8 of each element. At least four U wires were used in each

element, Data from the various irradiations were inter-normalized using

235

the axial fission-rate distribution measured in L-34 with U wires in

each irradiation.



17

A comprehensiye analysis of the results of all the fuel plate

235 pin activity data was made to derive a detailed power

gamma scans and
map for the MTR-Phoenix core. This analysis required the correlation of
the experimental data from throughout the core and the determination of
the unique power shapes for each box for all core positions. The percent
of core power for each fuel element is presented in Fiqure 7; along with

the uncertainties on each value. The methods used for determining the

box power for each fuel element, as listed in Figure 7, are summarized

in Table V.
" TABLE V¥
DETERMINATION OF FUEL ELEMENT POWERS
Fuel Element Determined Method

Fixed Elements:

L-31, 35, 36, 37, Pu fuel plate
39, 45, 47, 49 } Measured {.gamma scanning

L-21, 23, 27, 29 235y pin
34, 36, 41, 43 Measured activity
47, 49 ' data
L-33 Estimated Ratio of adiacent and
symmetrical fixed elements
L-32, .38 Estimated Interpolated from
adjacent fixed elements

Shim-Follower Elements:

L-46 Measured Pu wand gamma scanning
L-22, 24, 26, 28 . Average of adjacent fixed
42, 44, 46, 48.} Estimated {-elements all ratioed to

measured power in L-46
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1 2 3 4 5 6 7 8 9
o 2.90] 3.22| 4.04| 4.43| 5.18| 4.43] 4.06| 3.12| 2.69
+0.07 |¥0.16[20.13]20.20|20.15}20.20{+0.16|+0.1620.10
3 2.66| 3.22| 3.38| 4.79| 4.87| 4.76| 3.34] 3.11| 2.50
+0.04 (+0.24(+0.14{20.15120.13]20.11({20.05{+0.19+0.04
4 2.86| 3.17] 3.95|°4.34] 5.0014.32] 3.91| 3.07| 2.70
+0.07 [x0.16]x0.13]20.19 i0.08‘;0.15 +0.07]1+0.14(20.04

FIGURE 7. Percent Power per Fuel Element in the MTR-Phoenix
Core
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The MTR-Phoenix core power map shown in Figure 7 was reduced to
quarter-core symmetry to compare it with the power map from the PRCF-

(4)

Phoenix core. This comparison appears in Figure 8; where the values
are given in percent power per element. One can see from the figure that
the power distribution in the MTR is somewhat more peaked toward the
center of the core than it was in the PRCF. The effect of the better side
reflector in the MTR may also be seen. End leakage was higher in the MTR;

side leakage was higher in the PRCF.

A large body of data was obtained from the gamma scanning of
removable fuel plates. Shown in Figure 9 are the results of full-width
axial scans of two plates from the element irradiated in position L-45.

The outside plate (No. 16) is seen to have a more peaked power distribution
(normalized to the core average power) than the inside plate (No. 8). The

peak power on plate No. 16 is 2.64 times the core average.

The results of all the full-width axial plate scans performed in

this experiment appear in an appendix to this report.

Fiqure 10 shows the plate-to-plate power distributions in all
eight core positions for which camma scanning was done. A1l data are

presented as plate average power normalized to core average power.

Power distribution data were needed in the shim-safety rod in
position L-46 to insure that burnout would not be inadvertently obtained
in a fuel-follower section during full-power operation. A spare shim-
safety rod was modified to allow positioning of 235U wires in the water
channels of the fuel-follower section. Those wires were inserted in

plastic wands, as shown in Figure 11.
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235U activation results

235

A problem arose in connection with the
and necessitated an additional irradiation. The axial scan of a U
pin irradiated in channel No. 8 of the fuel element in position L-45
yielded results different from those obtained from an axial scan of plate
No. 8 in this element. These results are shown in Figure 12. Calculations
failed to account for this discrepancy. Since power distribution

235U

measurements in the shim~-follower had been made exclusively with
wires, these results became suspect. Accordingly, an irradiation was

performed with several plutonium flux wands inserted in the water channels
of the fuel-follower section. The results of these measurements are shown

in Figure 13.

At the same time a plutonium flux wand was irradiated in position
L-45. The result of this measurement appears in Figure 12. It can be
seen that the Pu wand data agree much more closely with the Pu plate data

2

than with the 35U pin data. Hence, the Pu wand data were used to determine

power distributions in the.shim fuel-follower.

The peak power in the MTR-Phoenix core was inferred from the data
to occur on plate No. 1 of the shim fuel-follower in position L-46. The
ratio of this peak power to the core average was 4.28 = 0.52. This peak
limited reactor power to 24 MW, based on heat removal considefations.

D. Void and Loss-of-Fuel Measurements

Measurements were made of the reactivity effects associated with
void formation and Joss of fuel plates in the highest worth element in
the core. These experiments were designed to provide a correlation with

the extensiye studies of these void and fuel removal effects conducted
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in the PRCF,(4) as well as to confirm the calculated effects reported in

(7)

the safety analysis report. For the MTR-Phoenix core, the reactivity
effects were simulated in a demountable fuel e1ement; and a critical run
was made both with and without the simulated effect. The reactivity
change due to the simulated effect was calculated from the change in

critical position of a previously calibrated shim~safety rod.

In order to study void formulation, a full channel width teflon
strip (full core length) was positioned in channel No. 8 of a demountable
element, with the element inserted in position L-35. This was the channel
in the very center of the Phoenix core, and was therefore expected to have
the largest reactivity worth., The measured reactivity effect of this
"void" was -18.7 + 2¢. The measured effect in thg same channel of the

PRCF-Phoenix core was -23.6 + 2¢, so the results are seen to be comparable.

Since the temperature effect on reactivity in the MTR-Phoenix
core was due in large part to the reduction of coolant water density, it
is possible to infer a temperature coefficient of reactivity from the
measured effect of a coolant void. The inferred temperature coefficient
of reactivity for this core was -1.3¢/°C, slightly smaller than the value

of -1.85¢/°C predicted in the safety analysis report.

The reactivity effect of fuel plate removal also required the
use of a demountable element. The effect studied was the loss of plate
No. 8 from an element installed in position L-35. The reactivity change
due to removing this plate was measured to be +33.4 + 2¢. The comparable
measurement in the PRCF yielded a reactivity change of +34.0 = 2¢, so the

two cases show remarkable agreement. The positive effect of replacing a
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fuel plate with water is, of course, due to the fact that the Phoenix
is very undermoderated. In the PRCF positive incremental worths were
obtained up to and including three plates removed. Removal of a fourth

plate had a slightly negative incremental worth.

A measurement was made of the effect of removing plate No. 16
in position L-45. This was a plate which calculations had indicated as
a likely candidate for the core hot spot, so the effect of its removal
was of some interest from the viewpoint of safety. The reactivity change

due to removing this plate was measured to be -1.7 + 2¢.

E. Kinetics Measurements

Reactor noise measurements were made with Tow-flow and zero-power
reactor operating conditions to determine the value of the ratio g/% -
the effective delayed-neutron fraction divided by the prompt-neutron
1ifetime. Noise data were recorded using both 3He and fission chambers.
The signals from the chambers were recorded on magnetic tape during the
measurement, and subsequently analyzed to determine power spectral density

from which the ratio 8/% was obtained.

The best results were obtained from a sixty-minute recording of
the 3He neutron detectors. The cross power noise spectrum obtained is
8 . . .
shown in Figure 14.()The cross spectral density function yielded a B/2

break frequency of 9.23 + 0.11 Hz.

A twenty-five minute recording of fission chamber signals was
also analyzed. This shorter record length cross spectrum yielded a best

estimate of B/% of 9.43 + 0,30 Hz.
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By comparison, data recorded from BF3 chambers in the center of

the PRCF~Phoenix core yielded a g/%¢ break frequency of 9.45 + 0,11 Hz.(4)

IV. BURNUP HISTORY

Following the completion of the critical experiments described in the
previous section, the burnup experiment began. Power operation began before
final evaluation of the power distribution data so that initial operation
was at lower powers than the 24 MW mentioned in the previous section.
Eventually, reactor power did reach a maximum of 24 MW. After about 70%
of the MTR-Phoenix core burnup had been obtained, operating power was
reduced to 12 MW in order to prolong the calendar 1life of the MTR operation.
The power history of the MTR-Phoenix core appears in Figure 15. The MTR
was operated on a five-day week after March 1, 1970; this accounts for the

frequency of startups and shutdowns.

The normal mode of equilibrium power operation was to compensate for
the gradual loss of reactivity by moving the regulatina rod from its least
reactive position to its most reactive position. The requlatinag rod was
then returned to its least reactive position in conjunction with a with-
drawal of the banked shim-safety rods. During steady operation these rods
were always operated as a bank. Rod bank height positions as a function
of core burnup are shown in Figure 16 and Tisted in Table VI. A1l these

positions were measured at equilibrium power and fission product posioning.

Using shim-rod calibration data, the rod bank height position
was conyerted into the value of keff with all rods withdrawn. The rods-
out keff as a function of core burnup is plotted in Figure 17. Again, all
these values are at equilibrium power. The total burnup of the MTR-

Phoenix core was 923 MWd.
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TABLE VI

MTR-PHOENIX BURNUP DATA

EquiTibrium
Power
(MW)

0

12.5
- 12.5
18.5
18.5
21.0
21.0
21.0
21.0
21.0
21.0
21.0
21.0
21.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0

Shim Rod

Bank Height

(in)
18.

21
21
22,
22.
22
22,
22.
23.
23.
23.
23.
23.
23.
24,
24,
24,
24,
24.
25.
25.
25.
25.
26.
26.
26.
26.

026

.320
.680

251
389

.485

790
915
125
310
460
565
725
913
135
350
545
745
940
150
360
575
860
090
335
610
890

Rod-0ut

Reactivity

-k

L I e e T I R R e e e T B R BT R R Iy R’ B — | —

1

1
1
1

eff’

.104

.057
.054
.047
.046
.045
.042
.040
.039
.037
.036
.035
.033
.032

.030

.028
.027
.025
.023
.022
.020
.019
.017
.015
.013
.012
.010
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TABLE VI (CONTINUED)

Core Equilibrium Shim Rod Rods-0ut
Burnup Power Bank Height Reactivity
(Mwd) (MW) (in) keff
647.9 24.0 27.200 1.008
659.6 24.0 27.325 1.007
659.6 0 22.171 1.048
680.0 12.0 26.750 1.011
686.0 12.0 26.910 1.010
690.0 12.0 26.945 1.010
7117.7 12.0 27.050 1.009
723.7 12.0 27.165 1.009
748.2 12.0 27.301 1.008
754.2 12.0 27.450 1.007
760.2 12.0 27.591 1.007
766.2 12.0 27 .650 1.006
772.2 12.0 27.730 1.006
778.2 12.0 27.825 1.005
780.2 12.0 27.860 1.005
780.2 0 23.350 1.037
805.6 12.0 28.300 1.004
817.5 12.0 28.500 1.003
823.5 12.0 28.675 1.003
829.5 12.0 28.800 1.002
833.5 12.0 28.875 1.002
833.5 0 23.150 1.038
849.6 12.0 28,975 1.002
855.6 12.0 29.550 1.001
859.7 12.0 29.660 1.001
884.6 12.0 29.800 1.000
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V.  ZERO POWER EXPERIMENTS AT STEPS DURING BURNUP

A. Rod Calibrations

Shim rod differential worth measurements were performed at two
steps during the burnup of the MTR-Phoenix core, in addition to those
performed before burnup commenced. One set of measurements was performed
at a core burnup of 660 MWd, the other at 834 MWd. Since; as we have seen
in the previous section, the critical rod bank height moved up as core
burnup progressed, these later differential measurements were not made at
a height of 18 in.

The results of the three sets of shim rod differential worth
measurements are presented in Table VII. They are also presented

graphically in Fiqure 18.

TABLE VII
SHIM ROD DIFFERENTIAL WORTHS
Shim B Rod Differential Worths™ (¢/in.)
Rod_ 0 W 560 MWd B30 TWd
Position Ht = 18.0 in. Ht = 22.1 in. Ht = 23.0 in,
L-22 61.6 33.7 29,2
L-42 61.8 35.7 32.0
L-24 91.0 50.3 47.2
L-44 91.4 50.0 47.2
L-26 92.2 43.3 46.9
L-46 | 90.6 40.5 47.8
L-28 45.7 27.0 27.3
L-48 58.6 28.0 - 23.3
Tota 592.9 308.5 300.9

*A11 worths quoted have an uncertainty of + 2%,
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The later differential worth measurements may be compared with those made
initially by differentiating the rod bank worth curve of Figure 6 at the

appropriate heights. These data appear in Table VIII.

TABLE VITI

Change in Shim Rod Worth with Burnup

Bank Differential Worth ($/in.)

H=22.1 in. H=23.0 in.
From integral worth curve
measured initially 3.93 3.36
Measured at 660 MWd 3.09 --
Measured at 834 MWd o 3.01

A decreasing rod worth with burnup is observed.
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Kinetics Measurements

Reactor noise measurements, as described in Section IV.E, were repeated
near the end of the MTR-Phoenix core Tifetime. Fission chamber data were
recorded with the reactor operating at 10 kw. The spectrum obtained is
shown in Figure 19. The analysis of this spectrum yielded a best estimate
of /2 of 9.34 + 0.50Hz. The reason for the relatively poor estimate of
B/% 1is apparent from Figure 19 Two factors contributed to the 5% uncer-
tainty. First, the low efficiency of the fission chambers did not yield
the ratio of corre]ated-to;uncorre1ated signals necessary for a good estimate.
Second, flow noise apparently existed in the 8 to 10 Hz frequency range.

Within the experimental uncertainties, one may conclude that the value
of B/% for the MTR-Phoenix core did not change with burnup.

Neutron Flux Spectrum Measurements

Measurements were made of the neutron spectrum of the MTR-Phoenix core
at the end of its burnup.lifetime. A multiple foil activation technique
utilizing the SPECTRA code for data analysis was used. The SPECTRA code
provides a neutron flux spectrum that minimizes an error function. A trial
spectrum is supplied as tabular input, and by requiring that the squared
difference between the measured and calculated detector activities be a part
of the function, it is possible to obtain a convergence fit to the new spectral
shape.

The two locations within the core where the measurements were made were
channel No. 8 of L-35, and channel No. 8 of L-45. Each Tocation had two

measurement positions; one position was four inches down from the top of the
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fuel plate, and the other position was sixteen inches down from the top of
the fuel plate. This arrangement gave a total of four measurement posi-
tions.

Aluminum wands with suitable foil packets were fabricated such that
when the wands were inserted, the packets were at the above described

55 56Mn, 63Cu(n,y)64 45

54 54

46Sc,

Mn (n,vy)
Ni(n,p)°®

A](n,u)24Na were used.

SC(n,Y)

T1‘(n,p)46

Cu,
46

positions. For each position,
50 51 64 64

24

58

Cr(n,y) Fe(n,p)” ™Mn, Sc,

24Mg

Cu, Co,

Zn(n,p)
27

Cr,

(n,p)“"Na, and
After insertion of the aluminum wands with the foil packets, the

reactor was brought to a power of 400 kw and retained at this Tevel for two

hours before being scrammed. The activated foils were then removed from

the wands, and after a suitable waiting period, were counted on both a

Na(I) and a Ge(Li) multi-channel analyzer to determine their induced activity.
The measured neutron flux values at specified neutron energies are listed

in Table IX for the locations in fuel elements 35 and 45. The cadmium ratios
59

for ““Co and the 2200 m/sec thermal-neutron fluxes are tabulated in the last

two columns.
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TABLE IX

Measured Neutron Fluxes

Neutron Energy

. 2
Location g e5a oy | 4.91ev | 21,6 ev | 132 ev| 514 ev | Red|¢enn/cm/sec
Neutron Flux - n/cmz/sec/eV
Fe-35-Top | 1.56x10"" [3.02x10'0 | 7.52x10° |1.21x10° | 3.10x108 | 2.3 |3.0x70"!
1 n 10 9 8 1
Fe-35-Center | 4.63x10 8.47x10 2.20x10 3.67x10° 19.34x10 2.0 7.8x10
Fe-45-Top | 1.33x10" |2.58x10'0 | 6.54x10° | 1.02x10° |2.88x108 | 2.9 3.4x10"
1 10 10 9 8 1
Fe-45-Center | 4.34x10 8.02x10 2.01x10 3.49x0 8.82x10 2.619.9x10

Corrections were made for the contributions to the activities by higher

energy resonances when necessary.

samples were less than 1%.

Self-shielding by detector atoms in the

Using a calculated initial trial spectrum, and the measured activities

from the foils, a core spectrum for each position was determined.

The com-

parative results between the calculated and measured spectra in locations

L-35 and L-45 are shown in Figures 20 and 21 respectively.

Good agreement between calculated and measured spectra is seen for

energies less than 1 MeV.

10% higher than that calculated.

investigated.

The source of this anomaly is being

In the few MeV region, the measured flux is about
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APPENDIX

Fuel Plate Axial Gamma Scans

The results of all the full-width axial plate scans performed in the
MTR-Phoenix experiment appear in Figures A-1 through A-8. 1In each case
the tapered bottom end of the fuel plate is shown. A1l data are normalized

to core average power.
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