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ABSTRACT
The ThermoAcoustic Power Sensor (TAPS) is a new device designed to measure
the neutron flux and coolant temperature inside the core of a nuclear reactor, and transmit
that data wirelessly to sensors located on the outer surface of a reactor pressure vessel.
The device uses a thermoacoustic engine driven by a nuclear fuel heat source to excite
thermoacoustic pressure waves inside the resonator region of the device. These pressure
waves vibrate the thermoacoustic resonator creating sound in the surrounding fluid that
can be measured as a vibration transmitted through the reactor coolant and structures.
Computer simulation of the device’s power source was performed to determine
the suitability of the Penn State Breazeale Reactor (PSBR) for initial testing of the device.
Additional simulations were performed to analyze the prototype design, and to ensure
compliance with PSBR safety requirements. Operating license restrictions on the amount
of radioactive iodine within fueled experiments limited the duration and frequency of
irradiations of the TAPS.
Testing of the TAPS successfully demonstrated the ability to transmit reactor
power and temperature data wirelessly using sound waves that could be measured outside
of the reactor core. Analysis of the data recorded during the initial measurements
continues to provide further insights into the device’s potential for applications in
commercial power reactors. Additional modeling and testing should be able to further
characterize the behavior of the device’s response to prolonged and repeated irradiations,
allowing for adaptation into a commercially viable product.
The TAPS device is self-powered, and will remain functional during a site
blackout, a complete loss of all electrical power, such as the incident that occurred at the
Fukushima Daiichi Nuclear Power Plant in March 2011. Future generations of the TAPS
iii

device will allow the plant operations staff to monitor reactor conditions throughout the
emergency.
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Chapter 1 – Introduction
1.1 – Thermoacoustic Engines
Thermoacoustic engines are simple devices capable of converting heat into sound, or
using sound to pump heat against a temperature gradient and thus provide refrigeration.
[1] Such devices are able to function with no moving parts other than a working fluid (fill
gas). The components of a simple thermoacoustic engine are shown in Figure 1. Heat is
applied at the hot end heat exchanger. A stack of porous material separates the hot end
heat exchanger from the cold end heat exchanger. A resonator volume provides space for
a standing acoustic wave to form.

Figure 1: Simplified Thermoacoustic Engine Model [2]

When a temperature gradient exists across the stack of the thermoacoustic engine,
gas near the hot end is heated and expands towards the cold end. Energy from the heated
gas is deposited near the cold end, lowering the pressure and allowing the gas to move
1

back towards the hot end where the process is repeated. The frequency of this alternating
pressure wave is determined by the speed of sound within the working fluid, which is a
function of gas temperature, and the length of the resonator chamber. A simplified
diagram of this process is shown in Figure 2. The result of this standing wave is an audio
frequency oscillation, which manifests as a sound wave.

Figure 2: Thermoacoustic Engine Heat Transfer Diagram [1]

Acoustic engines can be powered by many different heat sources. All that is
necessary is that a sufficient amount of power be deposited on the hot end of the stack to
establish a temperature gradient capable of sustaining acoustic oscillations. An electrical
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resistance heater applied to the hot end of a stack, such as the one shown in Figure 3, is a
very easy and repeatable way to experiment with thermoacoustic engines. It should be
noted that the stack shown in Figure 3 must be placed in a resonator volume, like the
glass tube shown in Figure 4, in order to complete the thermoacoustic engine and achieve
standing wave oscillations.

Figure 3: Electrically Heated Thermoacoustic Stack [3]

Another method of driving thermoacoustic oscillations, solar power, is shown
below in Figure 4. By concentrating solar energy on the hot end of an acoustic engine
using a parabolic mirror, a sufficient temperature gradient can be established. [1] The
fact that thermoacoustic engines can be driven by nearly any source of heat makes them a
potential tool for scientific measurements of numerous energy sources.

3

Figure 4: Solar Powered Thermoacoustic Engine [4]

1.2 – Nuclear Applications
A recently proposed use of thermoacoustic engines is as a tool for performing
measurements within a nuclear reactor core. [3] Nuclear reactors present an
environment where many electronic measurement tools will not function, or will rapidly
deteriorate, as a result of the high radiation field. In addition to detectors themselves
within a reactor, the wires used to transmit power and signals to those detectors are also
subjected to significant radiation fields and create additional low-level radioactive waste.
As a result of the significant shielding in place against nuclear radiation, wireless
transmission of data using existing technologies such as microwaves is not feasable.
In order for a thermoacoustic sensor to provide useful data about its environment, the
heat source must be proportional to the power generated in the system. To use an
acoustic engine to perform measurements within a reactor vessel, it has been proposed
that nuclear fuel be used as the heat source for the hot end of the stack. [5] This would
have the benefit that the heat generated in the thermoacoustic heat source is proportional
to the local neutron flux within the reactor, and thus can be related to the power of the
4

reactor. Using reactor fuel as a heat source also has the advantage of producing the
greatest amount of power possible per interaction in the device, with the fission of 235U
producing 200 MeV energy per reaction. Another proposed heat source is a target that
will have a high heating rate from interactions with gamma radiation. This source would
only see several mega electron-volts per interaction vs. the 200 MeV per fission event
within the fuelled heat source. This lower heating per interaction for gamma rays may
still be adequate for reactors with sufficiently high flux, such as commercial power
reactors, but for low flux reactors such as research reactor, an enriched uranium heat
source will be necessary.

Figure 5: Concept Nuclear Powered Thermoacoustic Engine [3]

Utilizing a thermoacoustic engine to measure both reactor power, based on the
amplitude of the sound [6] and temperature based on the frequency of the sound [5],
relies on several basic principles. The frequency of the oscillations is a function of gas
properties, temperature, and the length of the resonator. Unlike other detectors, a
thermoacoustic engine does not rely upon wires, or even electrical power to transmit data.
By adjusting the fill gas mixture and pressure, and length of the device, different
frequencies can be achieved. The frequency can be related to resonator properties as:
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where c is the speed of sound in the gas, L is the length of the resonator, T is the
temperature of the gas in Kelvin, M is the mean molecular mass of the gas, 𝛾 is the ratio
of the gas’s specific heat at constant pressure to its specific heat at constant volume, and
 is the Universal Gas Constant. [7]
These sound frequencies can be transmitted through water and other media, and
monitored remotely using hydrophones in contact with the reactor’s coolant or
accelerometers outside of the reactor’s pressure vessel. By employing engines with
different fill gases (or gas mixtures) or different lengths of the device, it should be
possible to monitor power at multiple points within the reactor by measuring different
frequencies. It may also be possible to use identical engines at positions with different
coolant temperatures to achieve the same effect.
Development of a thermoacoustic engine nuclear power and fuel temperature
sensor is an ongoing collaboration between The Pennsylvania State University, Idaho
National Laboratory, Mirion IST, and Westinghouse Electric Company. The device has
been named the ThermoAcoustic Power Sensor or TAPS. A prototype device, shown in
Figure 6, was recently tested at the Penn State Breazeale Reactor (PSBR). The prototype
was built specifically for the geometry of the PSBR. This thesis discusses the analysis of
the nuclear components, such as the heat source and other materials with significant
neutron absorption cross-sections, of the device that was performed as part of the first
series of test irradiations.

6

Figure 6: Prototype Thermoacoustic Power Sensor [7]

The fully assembled TAPS, shown in Figure 6, has the same outside diameter (3.7
cm) as the reactor’s fuel rods and the same length (72 cm). Visible at the left end in the
photo is the centering pin that locates the TAPS assembly in the reactor core’s lower grid
plate. The opposite end has a pull-pin that is attached to the insertion tool in that photo.
Within the “slotted tube” is the thermoacoustic resonator, which is suspended from two
circular leaf-springs that allow the TAPS sensor to vibrate axially, thus generating the
sound, while ensuring that the TAPS sensor and slotted tube remain co-axial.

1.3 – The Penn State Breazeale Reactor
The PSBR is the longest operating licensed research reactor in the United States.
Originally a materials testing reactor using highly enriched uranium, the reactor was
converted to a General Atomics TRIGA Mark III with low enriched uranium fuel in 1965.
The reactor is housed in a 71,000-gallon pool of demineralized water. Figure 7
shows the relative locations of the reactor core, reactor bridge, pool, and reactor control
room. The pool can be divided in half by a central divider wall and a removable gate.
The pool serves multiple purposes in support of the PSBR. The water acts as a moderator,
reflector, coolant, and shield, while still allowing the reactor to be moved to various
locations within the pool. The pool also houses experimental equipment, as well as
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radioactive material awaiting transfer to storage areas. For the TAPS project, the pool
provided a large volume capable of transmitting acoustic waves.

Figure 7: PSBR Pool Cutaway View [8]

The PSBR is licensed to operate at a steady state power of 1 MW thermal. A
pneumatically driven transient rod can perform reactivity insertions of up to $3.50,
allowing for pulses of up to 2000 MW for very brief periods of time (15-20 ms). The
digital control system allows the reactor to be controlled either in manual mode or
automatic, with an analog safety system providing interlock and SCRAM safety functions.
The currently installed fuel-loading pattern, Core Loading 56, was installed on
July 23, 2014. The loading pattern, shown in Figure 8, was analyzed using the

8

TRIGSIMS code package, discussed in Chapter 1.4 – Description of the Fuel
Management Modeling Software, and is documented in PSBR Safety Evaluation AP-12:
2014-06. [9]

Figure 8: PSBR Core Loading 56 Map

Core Loading 56 consists of 105 fuel elements and four control rods. The PSBR
utilizes two types of TRIGA fuel, 8.5 and 12-weight percent uranium to zirconium
hydride. The weighting of the fuel specifies the fraction of the fuel material’s mass that
is uranium enriched to twenty percent uranium-235. The remainder of the fuel mass is
zirconium hydride, which provides significant temperature feedback. Each TRIGA fuel
element contains an active fuel length of 15 inches, as shown in Figure 9.

9

Figure 9: Standard TRIGA Fuel- Moderator Element [8]
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The PSBR Reactor Control and Monitoring System has multiple channels
available to measure data from the reactor core. The primary indication of reactor power
is the Wide Range Fission Chamber, whose detector is shown in Figure 10. [8] A gamma
ion chamber (GIC) provides a second power range input to the reactor safety system. A
spare fission chamber, spare GIC, and spare compensated ion chamber are also
permanently installed as backup indications. Fuel temperature data is measured by
thermocouples within specially instrumented fuel elements placed in the highest power
locations. The thermocouples are embedded within the meat of the fuel, as shown in
Figure 11, and provide inputs to the reactor’s safety system. All indications available on
the reactor console are broadcast over the reactor facility local area network (LAN), and
are available through a LabView® interface such as the one discussed in Chapter 4.3 –
Real Time Iodine Monitoring Software.

11

Figure 10: Positions of Detector Locations Relative to Reactor Core [8]
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Figure 11: Instrumented TRIGA Fuel Element [8]
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1.4 – Description of the Fuel Management Modeling Software At Penn State
The Radiation Science & Engineering Center (RSEC) utilizes the TRIGSIMS fuel
management code to track the depletion of fuel elements and to perform safety analysis
on new core loadings. The code couples MCNP and ORIGIN-S [10], and has been used
to design all new core loadings since 2006.
MCNP is utilized to perform neutron transport, determine the flux shape and
power distribution within the core, and determine reaction rates for some isotopes.
MCNP is an analog particle transport code, which tracks particles one at a time along
their path of travel, determining interactions based upon probability distributions.
TRIGSIMS provides a front end for MCNP, allowing the user to set up a single
TRIGSIMS input deck to run multiple coupled calculations.
The MCNP input deck generated and run by TRIGSIMS incorporates several
approximations to limit computer requirements and improve accuracy. Each fuel
element within the model is divided into five axial zones. Reaction rates and power
production are determined independently within each zone for use in ORIGIN-S burnup
calculations. No radial zoning is applied to the fuel material. The upper and lower grid
plates of the reactor are not modeled. The water surrounding the reactor is modeled to a
distance of four times the fuel pitch beyond the most distant element from the center of
the core. [10]
TRIGSIMS provides memory saving features that have proven useful in applying
the code to purposes beyond core design and analysis. During normal core design and
analysis, the code is usually set to delete the files from MCNP and ORIGIN-S after
extracting data. This is useful, since these files can often take up multiple Gigabytes of
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hard drive space. When attempting to perform analysis upon experiments such as the
TAPS device, it is useful to have access to the MCNP input decks generated by
TRIGSIMS. A setting within TRIGSIMS can be adjusted so that the MCNP files are not
deleted. This allows the user to acquire a copy of the MCNP input deck.
The MCNP input deck produced by the TRIGSIMS code contains up to date
material definitions for the current burnup of the fuel. This deck can be modified to add
experimental equipment and flux measurement tallies. By performing multiple
simulations, with and without experimental equipment, it is possible to predict the
reactivity worth of an experiment such as the TAPS device. Tallies allow for the
calculation of quantities such as flux, reaction rate, and energy deposition.

15

Chapter 2 – Design and Optimization Simulations of the TAPS
Throughout the design process for the TAPS, a primary concern has been the
ability to generate enough heat to reach onset of thermoacoustic oscillations. Computer
simulations, specifically those using MCNP, have been used in order to predict the power
that would be provided by the nuclear heat source. These simulations have not only
confirmed that enough power would be available, but have also shown that alternative
designs of the heat source will likely not be effective for testing in the PSBR.

2.1 – PSBR Core Face Simulations
When the PSBR was first considered for testing of the TAPS, MCNP simulations
were performed to determine if enough power could be generated by a small sample of
uranium in a position slightly outside of the core.

Without yet having detailed

information on the fuel source to be used or the dimensions of the TAPS device, the
simulation was conducted in a 3 inch (ID) air-filled tube at the face of the core shown as
a blue cylinder at the top of Figure 12. The heater material was modeled as a cylinder
positioned in the center of the tube, and at the axial centerline of the core as shown at the
right side of Figure 13.
The dimensions of the heating material in the model were based upon several fuel
pellets in the inventory of the Radiation Science and Engineering Center (RSEC). The
RSEC possesses two Low Enriched Uranium (LEU) fuel pellets from the Pathfinder
reactor. These fuel pellets have an enrichment of 7.5% (see Sec. 6.2 – Review of
Pathfinder Fuel Documentation). [11] The Pathfinder fuel pellets were selected as the
first candidate material for heating the TAPS for several reasons. Firstly, the use of
fission reactions as the heat source would provide significantly more power than other
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reaction types, thus minimizing the amount of material needed and the size of the heat
source. Secondly, the pellets were readily available. Finally, the Pathfinder pellets have
a higher enrichment of uranium-235 compared to standard commercial reactor fuel,
allowing for a higher power density.

Figure 12: Top View of Core Face Tube Irradiation Model

The second material considered for use in the TAPS heat source was boron nitride
(BN). BN has been utilized as a thermal neutron shield in a previous project at the PSBR,
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during which significant neutron heating was observed. While not expected to produce
as much heat per reaction as LEU, boron nitride would be easier to utilize in compliance
with the PSBR Technical Specifications since no fission products would be formed
within the heat source. A BN heat source also has the ability to increase heat production
by increasing the shape or volume of the target material, whereas the fuel pellets have a
fixed size and cannot be easily changed to achieve greater thermal output.

Figure 13: Side View of Core Face Tube Irradiation Model, Including Fuel Elements and Control Rods
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The simulations performed to model the heat source at the core face showed that
power output of nearly 30 watts could be expected at the core face from a single LEU
fuel pellet with the reactor operating at full power. A detailed summary of the results of
this simulation is presented in Table 1. The power output could be increased by either
increasing the number of fuel pellets, up to a maximum of two, or by increasing the
neutron flux. The heat output of the BN pellet was significantly lower (1.7 W) than the
roughly 30 watts estimated to be required to drive the TAPS.

Table 1: Results of Core Face Tube Irradiation Model

Material
Mass (grams)
Height (cm)
Radius (cm)
Density (grams cm-3)
Neutron Flux (cm-2 s-1)
Energy Deposited from Neutron Interactions
(W)
-2
Gamma Flux (cm s-1)
Energy Deposited from Gamma Interactions (W)
Fraction of Energy from Neutron Interactions
Total Energy Deposited (W)

BN
0.806
1.05
0.265
3.48
4.51E+12

UO2
2.35
1.05
0.265
10.15
1.32E+13

1.64
1.66E+13
0.04
0.98
1.68

27.44
1.61E+13
0.42
0.99
27.85

2.2 – PSBR In-Core Simulations
Having established that the power levels required could be achieved at the
periphery of the core, simulations were then performed to model positions within the
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reactor core itself. The higher flux in these positions would allow the heat source to
generate heat beyond that needed to reach onset of acoustic resonance in the TAPS. The
ability to generate excess power has two benefits. It allows the reactor to be operated at
lower powers while still depositing adequate heat in the TAPS, and also allows for testing
of the devices response to changes in reactor power above the point of onset.
Only the LEU fuel was considered for the heat source in these simulations. The
expected heat output of BN in the core face simulations was viewed as being too low.
Additionally, increasing the volume of boron nitride would not be possible within the
limited space available for in-core irradiation positions.
Two in-core irradiation positions were considered: the vacant grid place position
at E6 and the Central Thimble (CT). Details of these analyses are presented in the
following sections.
2.2.1 – PSBR Core Position E6
The E6 position is a location in the reactor that has historically been referred to as
the “Rabbit Hole.” The position is a water hole in the reactor’s E ring surrounded by fuel
elements. The terminus for the pneumatic transfer system, a.k.a. the rabbit system, can
be placed into this position to rapidly send samples into and out of the core. For use in
this experiment, the E6 position would be filled with a tube containing the TAPS, as
shown in Figure 14.
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Figure 14: Top View of E6 Position Tube Irradiation Model

To estimate the power production expected in the E6 position, a single Pathfinder
fuel pellet was modeled in the center of the position at the axial centerline of the core. To
account for the fact that the TAPS would displace significant amounts of water,
decreasing the thermal neutron flux at the heat source position, the pellet was simulated
in an air void. The air void was constructed such that it had the same radius as the fuel
within a fuel element, and extended in the axial direction beyond the fueled region to the
21

far ends of the graphite reflectors. The positioning of the sample tube and fuel pellet
relative to the fuel is shown in Figure 15.

Figure 15: Side View of E6 Position Tube Irradiation Model, Including Dry Irradiation Tubes and Fuel
Elements

Simulation of the heat source in the E6 position showed that a heat output of
roughly 60 watts could be expected from a single pathfinder fuel pellet. Two simplifying
22

assumptions were used in obtaining this estimate, which could significantly affect the
power output of the actual device. By simulating the device within the largest possible
air void that could be placed in the E6 position, the greatest amount of moderator (water)
possible was removed from the area around the pellet. This would cause the model to
under-predict the thermal neutron flux, and thus the power, at the heat source. By not
modeling structural materials, there are fewer neutron absorbers surrounding the heat
source. This would cause the model to over-predict the flux and power of the heat source.
2.2.2 – PSBR Central Thimble
The central thimble (CT) is the location of highest flux within the PSBR core.
This water-filled tube at the reactor’s center is surrounded by fuel on all sides. The tube
itself has a smaller inner diameter than a fuel element. Samples can be inserted into the
central thimble through an opening in the side of the tube several feet below the surface
of the reactor pool. This allows samples irradiated in the central thimble to remain
shielded underwater at all times when being removed from the core. Due to the smaller
size of the irradiation position and the difficulties in loading and removing samples, the
central thimble was not a likely choice for the irradiation location of the final TAPS. It
did however provide a useful means of establishing a limiting scenario for the irradiation.
A single, unencapsulated Pathfinder fuel pellet was modeled in the central thimble
position as shown in Figure 16 and Figure 17.
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Figure 16: Top View of Central Thimble Position Irradiation Model

To determine the maximum power expected from a pathfinder fuel pellet within
the PSBR core, the pellet in the central thimble was modeled without any structural
material that would absorb neutrons. Unlike previous simulations, no air void was
modeled. The power predicted by this model, 150 watts, is much greater than that which
a single pathfinder fuel pellet could realistically achieve. As such, this number was
considered a suitable estimate for an upper limit to bound the safety analysis of the TAPS
device.
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Figure 17: Side View of Central Thimble Position Irradiation Model, Showing Fuel Elements
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Chapter 3 – Description and Analysis of the As-Built TAPS Design
Simulations of the final design of the TAPS were performed using the most
detailed information available in order to establish a limiting case for power production.
Minor simplifications were made to ease modeling. In all cases, these approximations
were believed to be conservative in that they would cause a small over-estimation of the
power produced by the pellets. Examples of simplifications made to the model include
the omission of thin layers of structural material, which may absorb neutrons, and their
replacement with water, a strong moderator.

3.1 – Description of the TAPS Device
The TAPS device consists of multiple simple components. The UO2 heat source
generates the power needed for the device to operate. The pellets are contained in a
stainless steel heat exchanger. The stack converts heat from the heat exchanger into an
acoustic wave. The resonator chamber provides a gas volume for a standing wave. An
air volume filled with SiO2 filaments insulates the hot end of the device, containing the
heat source, heat exchanger, and stack. The entire assembly, shown in Figure 6, is housed
in a stainless steel tube, with slots cut in the sides to allow water to enter, and the sound
to exit. Two thermocouples are attached to the device to allow for monitoring of the
temperature near the heat source.
Figure 18 shows a cutaway view of the hot end of the TAPS. The locations of the
thermocouples are indicated in orange. The resonator chamber is located below the heat
exchanger and the stack (to the right in Figure 18), and extends from the lower end to the
rigid upper end, approximately 22 cm from the hot end. The hot end of the resonator
which includes the heat exchanger (see Figure 19) and the ceramic stack material are
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surrounded by a second stainless steel tube that is filled with SiO2 and air at atmospheric
pressure to insulate the hot end from the reactor coolant. Exact dimensions and materials
of the TAPS include proprietary information, and are not included in this thesis.

Figure 18: Cutaway View of the Hot End of the TAPS device, showing heat exchanger, stack, and thermocouples.

3.2 – TAPS Power Production Model and Predictions
The heat source for the TAPS device consists of two UO2 pellets contained inside
of a stainless steel heat exchanger. The heat exchanger, shown Figure 19, has a complex
structure consisting of fins and air voids that cannot be easily modeled. To account for
this, the volume of the heat exchanger, including gas volume, is conserved, and the
density is reduced to 60% of the nominal density of stainless steel to account for gas void
space. This was expected to provide a reasonable estimate of the neutronic behavior of
the heat exchanger.
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Figure 19: Heat Exchanger Design

In the model, the fuel pellets are aligned with the axial core centerline, with the
TAPS positioned in the E6 core position, as shown in Figure 22 and Figure 23, which
represents the highest flux region within the model. A gas void is modeled below the
heat exchanger where the resonator device is located. It is assumed that the resonator
volume has negligible neutron moderating capabilities, and that its absorption properties
will be at least those of air. This being the case, the power production results from the
model should be at least as high as those in the actual device. F6 (Energy Deposition
[12]) tallies for both photons and neutrons were used to estimate the energy deposition in
each fuel pellet, as well as in the heat exchanger. The results are presented in Table 2.
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Figure 20: Full Core Map with Final Design in E6 Position

Figure 21: Close Up View of Sample in E6 Position
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Figure 22: Side View (Left: YZ & Right XZ) of Heat Exchanger and Resonator Volume (yellow) Showing
Positioning Relative to Fuel Material
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Figure 23: Position of Sample Tube Relative to Fuel and Dry Tubes
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It was estimated that a total of 160 watts, far beyond the required 30 watts, would
be deposited in the heat source by neutron and gamma interactions. The majority of this
energy, 97.4 percent, was the result of neutron interactions, primarily fission. Despite the
fact that the heat exchanger accounts for two thirds of the mass of the heat source, it only
accounts for 2.3 percent of the energy deposition. This fact clearly illustrates the
advantages of utilizing LEU fuel, as opposed to a gamma-heating target as has been
suggested for future applications.

Table 2: Summary of Power Production Simulation Results for TAPS Heat Source

Heating
Source
Neutron
Pellet 1
Neutron
Pellet 2
Neutron
Hx
Photon
Pellet 1
Photon
Pellet 2
Photon
Hx

Mass (g)

MeV/g/source
particle

Watts

2.35

2.66E-03

78.3

2.35

2.61E-03

76.6

9.45

1.78E-05

2.1

2.35

4.39E-05

1.3

2.35

4.52E-05

1.3

9.45

1.32E-05

1.6

Total:

161.2

3.3 – Flux Run Verification of Reactor Core Model
To verify the model predictions, a flux measurement was performed in the E6
position. A gold-aluminum wire within an air void similar to the TAPS assembly was
𝑛

irradiated for 15 minutes at 1 kW. The measured thermal flux was 3.03 ∗ 1010 𝑐𝑚2 ∗𝑠
using the 197Au(n,𝛾) reaction. The existing model was modified to replace the TAPS
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device with the flux run air void, and the reaction rate of the 197Au(n,𝛾) reaction was
estimated using a point detector (F5) tally. [12]
The tally gives results in terms of a reaction rate per unit number density:
∫ 𝜎(𝐸)𝜙(𝐸)𝑑𝐸
Where 𝜎(𝐸) is the energy dependent cross section and 𝜙(𝐸) is the energy
dependent flux. The reaction rate expected with the flux wire can be obtained by
multiplying by the number density, N, of the wire:
𝑁∫ 𝜎(𝐸)𝜙(𝐸)𝑑𝐸
The reaction rate within the flux wire in the reactor can be given as:
𝑁𝜎𝜙
Setting these reaction rates equal, we find that the number densities cancel. By
dividing both sides by the one-group cross-section, 𝜎, that was utilized to determine the
flux in the measurement, we obtain the model-predicted value of the flux, 𝜙, that would
be expected from the flux wire.
𝑛

The model-predicted flux value for this flux run was 3.20 ∗ 1010 𝑐𝑚2 ∗𝑠 , 106% of
the measured value. Based upon this measurement, we can conclude that the model gives
a reasonable approximation of the systems being simulated, and is likely slightly
conservative for this application.
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Chapter 4 – Iodine Model Development and Iodine Buildup
Predictions
In order to protect the health and safety of the public, the Technical Specifications
(T.S.) of the PSBR place a limit upon the amount of radioactive iodine produced within
fueled experiments. In accordance with T.S. 3.7.f, the total activity of all iodine isotopes
131 through 135 shall not be greater than 1.5 curies. [8] In order to ensure compliance
with the TS limit, a model was created which tracks the concentration of iodine isotopes
over time as a function of reactor power. The iodine isotopes of concern are shown in
Table 3, along with their fission yields and half-lives.

Table 3: Summary of Iodine Isotopes of Concern [8]

Isotope

Yield %

Half-Life [seconds]

131I

3.10

6.95*105

132I

4.38

8.24*103

133I

6.90

7.49*104

134I

7.80

3.16*103

135I

6.10

2.37*104

4.1 – Iodine Model Description
The PSBR Safety Analysis Report (SAR) utilizes the neutron activation equation
[13] to predict the activity of various isotopes of concern for the Maximum Hypothetical
Accident [8]. The methodology presented in the SAR is the preferred method when
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analyzing new experiments, because it removes the need to develop and validate new
techniques. The neutron activation equation gives the activity as:
𝐴(𝑡) = 𝑅(1 − 𝑒 −𝜆𝑡 )
where R is the rate of a given reaction, in this case the product of the fission rate and the
yield fraction for a given isotope of iodine. This can be specified as:
𝐴𝑖 (𝑡) =

𝑃
𝛾 (1 − 𝑒 −𝜆𝑖 𝑡 )
𝐸 𝑖

where P is the fission power produced by the pellets, E is the average energy released per
fission, and 𝛾𝑖 is the yield fraction of each isotope of iodine. Unfortunately, this method
makes the assumption of a constant power. While this assumption is reasonable for
prolonged steady state operations, it is not as accurate during short operations where the
startup and shutdown of the reactor represent a significant fraction of the total energy
produced.
To account for the variable reactor power during irradiation of the TAPS, a
Simulink® model was developed by the author of this thesis to track iodine concentration.
The rate of change in the number of atoms of a given isotope of iodine is specified as:
𝑑𝑁𝑖 (𝑡) 𝑃(𝑡)
=
𝛾 − 𝑁𝑖 (𝑡)𝜆𝑖
𝑑𝑡
𝐸 𝑖
This first-order differential equation can be modeled directly in Simulink®. A block
diagram of the final model is shown in Figure 24, followed by detailed descriptions of
individual subsystems
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Figure 24: Iodine Model
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The inputs to this model are the reactor power as a function of time, which can be
modeled either as a steady state power, or input from the Matlab workspace as an array of
time and power, and the amount of power produced by the TAPS fuel pellets at 100%
reactor power. From this the fission rate within the pellets is determined.

Figure 25: Iodine Model Fission Rate Subsystem

Using the fission rate, each isotope of iodine is tracked independently. An
example of the tracking subsystem is shown for Iodine 131 in Figure 26.

Figure 26: Iodine Model Isotope Tracking Subsystem (I-131)
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The results of all of the iodine isotope tracking systems are summed and sent to a
“Data Output” subsystem. This subsystem exports the data back to the Matlab workspace.
The inputs to the Data Output subsystem are the total iodine inventory and the fraction of
full reactor power. The subsystem utilizes the built in clock source to add time to its
outputs, as well as integrating the fraction full power signal in order to determine MW*hr.
This subsystem is shown in Figure 27.

Figure 27: Iodine Model Data Output Subsystem

4.2 – Pre-Irradiation Predictions for TAPS Irradiation
An analysis of the plan for the first test irradiation was performed using the
Simulink® iodine model to predict the activity of iodine generated. The test plan is
summarized in Table 4. To model the outlined plan, it was assumed that at time t=0 the
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reactor power was at 10−8MW, which is characteristic of the secured reactor with the
neutron startup source installed. Reactor power was raised from this level to the first
target power using a 26 second period, 𝜏, based on PSBR standard conduct of operations.
After remaining at the target power for the specified time, power was then increased to
the next target using a subsequent 26-second period. This process was repeated for all
power levels. After the final power level, reactor power was decreased to zero. The
power level vs. time and resulting iodine activity are shown graphically in Figure 28 and
Figure 29.

Table 4: Irradiation Plan for First Irradiation

Power Level

Time at Power

10 kW

4 minutes

100 kW

4 minutes

170 kW

4 minutes

300 kW

4 minutes

500 kW

4 minutes

600 kW

4 minutes

* All power changes performed with a 26
second period.
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Figure 28: Power vs. Time for Planned Irradiation

Figure 29: Predicted Iodine Concentration for Planned Irradiation
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As can be seen, the peak activity of iodine from this irradiation will be 1.2 Ci,
80% of the Technical Specifications limit. The total energy produced by the reactor
during this irradiation is 7.0 MW*min, which is less than the 8.5 MW*min limit
corresponding to 1.5 Ci of radioiodine.
Using a Simulink® model of delayed neutron precursor concentration, a step
reactivity insertion of $8.00 dollars was modeled, and the power history exported to
Excel®. The model output power before the SCRAM was scaled to match the final power
in the planned irradiation. This yielded a power trend that more accurately follows the
behavior of the reactor than artificially lowering the power to zero at the end of the
irradiation. This updated power signal was added on to the end of the input power signal
for the iodine model, and the model was run again.

Figure 30: Updated Power Trend with Delay Neutron Precursor Decay
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It was expected that the updated model would yield slightly higher iodine activity
at times after shutdown since a small but non-zero fission term would still be present.
When compared to the previous iodine model output, the activity of iodine 7 hours after
the start of the irradiation was found to be 0.3 percent higher. Modeling the power shape
more accurately has been found to remove a small, but non-conservative assumption
from the model.

4.3 – Real Time Iodine Monitoring Software at the PSBR
To better monitor the concentration of iodine isotopes within the fueled
experiment during the test, the Simulink® iodine model was ported to the LabVIEW®
software package by PSBR staff. A block diagram of the program is shown in Figure 31.
Using LabVIEW®, the power input signal was adjusted to utilize real-time data output by
the reactor console. By running the model in real-time utilizing reactor power data, it
was possible to predict the current iodine concentration within the fuel pellets. This
provided the reactor operator with an extra indication that could be utilized to terminate
reactor operations in the event that the iodine limit was approached.
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Figure 31: Real Time Iodine Monitoring Software Diagram
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After the model was ported to LabVIEW®, several features were added to the user
interface. The layout of the user interface was adapted from the RSEC LAN client,
which is used to remotely monitor reactor parameters from throughout the facility. In
addition to iodine activity, multiple reactor parameters such as power, period, and fuel
temperature are displayed, as can be seen in Figure 32, To allow for faster than real time
calculations between irradiations of the TAPS, the activity of each iodine isotope is
displayed separately, so that they can be used as initial conditions for use in the
Simulink® model. This enables decay calculations to be performed offline, and new
predictions can be made to determine the duration of future runs.
Because offline calculation of decay was to be utilized, the ability to specify nonzero initial values for each iodine isotope was added. Using this feature, the decayed
activities calculated offline could be input back into the real time monitoring software.
The software also features a “backup function” that continuously exports iodine activity
for each isotope as well as reactor power to an Excel® spreadsheet. In the event the
computer used to run the iodine model were disconnected or powered down between runs,
this allows for the recovery of data.
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Figure 32: Iodine Monitoring Software User Interface
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Chapter 5 – Irradiation Testing of the TAPS at the PSBR
Irradiation of the TAPS device was carried out under experiment authorization
SOP-5: 2015-025 and safety evaluation AP-12: 2015-7. The change evaluation analyzed
the TAPS as a new type of fueled experiment in accordance with 10 CFR 50.59. [14]
Considerations within the AP-12 included fuel pellet temperature, internal gas pressure,
and iodine inventory. Limits were placed within the experiment authorization to ensure
that the irradiation remained within the analysis performed in the safety evaluation. The
restrictions imposed upon the irradiations were decreased as operational experience was
gained with the device. This chapter outlines the multiple irradiations that were
performed, the restrictions placed upon each irradiation, and some of the results that were
observed from the TAPS device. A brief summary of the irradiations performed is shown
in Table 5.
Table 5: Summary of TAPS Irradiations

Irradiation
Number

MWhr Limit

MWhr Actual

1
2
3
4
5
6
7
8

0.125
0.120
0.100
0.120
0.100
0.110
0.100
0.104

0.116
0.110
0.100
0.120
0.100
0.109
0.100
0.104

Maximum
Reactor Power
[kW]
600
800
1000
1000
1000
1000
1000
1000

Peak TAPS
Temp [C]
350
437
475
409
364
339
339
197
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5.1 – Dry Run
Before the TAPS sensor was placed in the reactor core, the reactor operator and
senior reactor operator performed a dry run of the first planned irradiation. This test run
allowed the use of a MWhr limit as the means of controlling iodine to be tested. While
there was already sufficient evidence to suggest that the reactor operator would be able to
shut the reactor down at exactly the MWhr limit specified for each irradiation, it was
decided by RSEC management that a practice run was necessary. This dry run allowed
the operations watch team to get a better sense of the timing that would be associated
with the first irradiation, which involves more frequent power changes than are usually
seen in day-to-day reactor operations at the PSBR. The reactor power trend from this test
run is shown in Figure 33.

Figure 33: Reactor Power and Expected Iodine from Dry Run of TAPS Irradiation
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The dry run of the irradiation plan also presented an opportunity to test the iodine
monitoring software. Since the TAPS device was not yet installed in the reactor core, no
iodine was produced during the dry run. Figure 33 also shows simulation results of the
iodine activity that would have been produced if the TAPS device were irradiated during
the test run. As can be seen, the total iodine inventory would have reached a maximum
of just over 1 curie before the reactor was shutdown. This is less than the predicted
value of 1.2 curies for the initial irradiation plan shown in Chapter 4 – Iodine Model
Development and Iodine Buildup Predictions. The most likely cause for the dry run
producing less iodine than predicted before the run is that the reactor power varies
slightly about the setpoint, and the reactor console will approach final power slower than
the 26-second period that was used for the predictions.

5.2 – Reactivity Check of the TAPS Device
Any object placed within the reactor core will have an effect on the core, either by
absorbing, scattering, or producing neutrons. This effect is known as “reactivity.”
Before an irradiation test of the TAPS could be conducted, RSEC procedures required
that the reactivity effect of the device be measured to assure compliance with Facility
Technical Specifications. The experiment authorization utilized a starting assumption
that the reactivity worth of the device was less than $0.10 of negative reactivity, far from
any technical specifications limits upon experiments. This assumption was reasonable
and based on operational experience with similar devices.
The reactivity effect of the device was measured by first taking the reactor to 100
watts and recording the reactivity worth of control rods needed to achieve criticality,
$7.13. Next, the reactor was shutdown to the standby condition, which approximately
48

half way between fully shutdown and critical. With the reactor at standby, the TAPS was
inserted into the E6 position of the reactor core. The measurement of control rod
reactivity at 100 watts was repeated with the device in place, giving a reactivity of $7.32.
The difference in reactivity caused by the TAPS device was found to be $0.19 of negative
reactivity. Control rod reactivity worth data for both runs is summarized in Table 6.
While this was nearly double the estimated reactivity, this still did not approach the
technical specifications limit of $3.50 for a secured experiment.

Table 6: Reactivity Check of TAPS Device

Transient Rod
Safety Rod
Shim Rod
Regulating Rod
Total Worth

Bare Core
$1.65
$2.20
$1.55
$1.73
$7.13

TAPS
Inserted
$1.69
$2.26
$1.59
$1.78
$7.32

Change in
Rod
Reactivity
$-0.04
$-0.06
$-0.04
$-0.05
$-0.19

The process of measuring the reactivity of the TAPS required that the reactor be
taken to low power. Even at low powers, some activity of iodine was generated. This
was monitored throughout the measurement. Figure 34 shows the reactor power trend
during the reactivity measurement with the TAPS in place. Several items of interest are
visible within this plot. Firstly, the iodine concentrations remain orders-of-magnitude
below the 1.5 Ci limit, as expected for low power operations. Secondly, it can be seen
that the reactor control system slightly overshoots the target power. At low powers, the
automatic control mode will exceed the target power, and approach the final power level
49

from above. At higher powers, this situation would be unacceptable, potentially resulting
in a reactor SCRAM. As can be seen in Figure 33, the auto control system does not
overshoot at higher powers, but stops at a lower power and slowly increases to the final
setpoint. This complex behavior of the reactor control system makes it difficult to
provide detailed power inputs to iodine modeling software in advance of the irradiation,
making real-time monitoring significantly more valuable.

Figure 34: Power Trend and Iodine Activity for Reactivity Check of TAPS Device

5.3 – Safety Power Ramp Irradiation of the TAPS Device
The first high power irradiation of the TAPS device at reactor powers in the range
expected to cause onset of thermoacoustic resonance was conducted during the afternoon
of September 24, 2015. All reactor power changes were conducted using a 26 second
period. For each power level a static temperature model was utilized to predict the
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expected temperature readings from the thermocouples within the TAPS [15]. The
thermal resistance static temperature model is shown in Figure 35. The reactor operator
was instructed to shutdown the reactor if temperatures were higher then those predicted
by the model. Each power level was to be held for four minutes to allow instrumentation
readings to stabilize and to allow enough time to detect the onset of thermoacoustic
oscillations. The power levels and durations for this irradiation are summarized in Table
4. A longer amount of time at each power level would have been preferred, but due to
iodine buildup, it was necessary to proceed more rapidly.

Figure 35: Static Temperature Model of Heat Source [15]

The reactor was first taken to 10 kW, at which point it was verified that no
significant rise in temperature had occurred within the device. Power was next increased
to 100 kW where a temperature change was first measureable, but a less than expected,
temperature increase was observed. The third power level utilized for the first irradiation
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test was 170 kW. This power level was selected to avoid a large source of acoustic noise,
the N-16 diffuser pump.
At a reactor power of 180 kW, the N-16 diffuser pump is automatically turned on
by the reactor console to keep radiation levels in the reactor bay as low as reasonably
achievable. 16N is a radioactive isotope of nitrogen produced through an (n,p) reaction
when oxygen in the water surrounding the reactor core is irradiated with fast neutrons.
The isotope has a very short half-life of 7.1 seconds and emits a 6.1 MeV gamma ray in
67% of decays. [16] During high power reactor operations, large quantities of 16N are
generated within the reactor core and rapidly rise to the surface of the pool. Once the 16N
reaches the surface, minimal shielding is available to block the gamma rays and the dose
rate in the reactor bay rises rapidly. The N-16 pump mitigates this by pumping water
across the plume of hot water rising from the reactor core. By breaking up this thermal
plume, the 16N does not rise to the surface of the pool as quickly, and most of it decays
while the water still provides significant shielding.
At each power level, it was observed that the measured temperature was
significantly lower than that predicted by the static temperature model. The predicted
and measured temperatures are summarized in Table 7. The irradiation was completed as
planned and shutdown as shown in Figure 36.
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Table 7: Expected and Measured Data from First TAPS Irradiation

Power
[kW]

Time
[minutes]

Est. Pellet
Power [W]

Expected
Temp [C]

Thermo
couple
#1 [C]

Thermo
couple
#2 [C]

MW-Hr
Est

MWHr
Actual

10
4
1.5
<<50
24.3
25.5
0.001
7E-4
100
4
15
<300
64.5
75.3
0.01
0.008
170
4
26
<400
111.4
121.1
0.02
0.020
300
4
47
<550
167.6
192.2
0.04
0.041
500
4
78
<650*
270.4
295.7
0.075 0.075
600
4
93
<650*
324.1
350
0.115 0.116
*Thermo-Acoustic onset is expected to limit temperature by these power levels

During this power ramp test the onset of acoustic oscillations, which were
expected to occur in the 300 kW range, were not observed. The absence of
thermoacoustic onset as well as the lower than expected temperatures prompted an
investigation of the results. It was concluded that the most likely explanation was that the
heat generated in the fuel pellets was far lower than the expected 161 watts. Multiple
potential explanations for the lower than expected power, as well as the investigations
performed, are discussed in Chapter 6. Since the power output was lower than expected,
and therefore conservative, it was decided that irradiation testing of the TAPS could
continue. Until such time as an acceptable explanation for the lower than expected power
could be verified, the initial power estimate would continue to be used to calculate iodine
concentrations. While this seems to be excessively conservative, in the absence of an
updated power production model there was no better option that could be well justified in
the safety analysis of the experiment.
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Figure 36: Power Trend and Iodine Activity For First Test Irradiation

5.4 – High Power Irradiation (800 kW)
The next irradiation performed, shown in Figure 37, took the reactor immediately
to 800 kW for 7 minutes and 48 seconds, producing just over 1 curie of iodine. This
decision was made since the previous irradiation had already shown that temperatures
were lower than expected (324 °C vs. 650 °C expected) and onset of thermoacoustic
oscillations had not occurred. A peak temperature of 437 degrees C was measured.
Temperature continued to increase throughout the irradiation.
During the irradiation it was believed that thermoacoustic onset may have been
reached near the end of the test, however since temperature did not completely stabilize it
was imposible to conclude definitively. Additional testing in which conclusive evidence
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of thermoacoustic onset would be needed for comparison before considering this test
could be seen as a success for the TAPS sensor.

Figure 37: Power Trend for Second High Power Irradiation of TAPS Device

5.5 – Full Power Irradiation (1000 kW)
The third high power irradiation of the TAPS device was for 5 minutes 57
seconds at 1 MW as shown in Figure 38. The irradiation produced just less than 1 curie
of iodine. Due to the higher power of this run, the iodine production was at the highest
achievable rate, thus limiting the total irradiation time.
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Figure 38: Power Trend for Third High Power Irradiation of TAPS Device

Going directly to full power of 1000 kW achieved the fastest possible heat up of
the TAPS to a maximum measured temperature of 475 degrees C as shown in Figure 39.
The temperature of the device was still increasing until the reactor was shutdown.

This

shows that the irradiation time is inadequate to test the steady state response of the TAPS.
To properly characterize the TAPS, it will be necessary to increase the irradiation time.
This may be possible if it can be proven that the power production is significantly lower
than initially predicted, thus decreasing the expected rate of iodine production.
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Figure 39: Reactor Power and Thermocouple Temperature During Third TAPS Irradiation

While the temperature of the TAPS device did not reach equilibrium, this run can
still be considered as far more successful than the previous irradiations. Figure 40 shows
the highest amplitude frequency signal within a 2 second time gate measured within the
reactor pool by two separate hydrophones (underwater microphones). Before the reactor
reached full power, the acoustic spectrum within the pool was dominated by frequencies
between 1375 and 1380 Hz (Fig 14. Label 1). During reactor startup, multiple lower and
higher frequencies were observed, possibly from control rod drives and the N-16 diffuser
pump (Fig 14. Label 2). It can clearly be seen that shortly after the reactor reaches full
power, the TAPS device begins to produce a tone between 1360 and 1365 Hz (Fig 14.
Label 3). This tone vanishes almost immediately after the reactor is shutdown.
Additionally, using clear indications of thermoacoustic onset within this run provided
enough data to allow for the identification of the same phenomenon within the previous
800 kW run.
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Figure 40: Reactor Power and Highest Amplitude Frequency During Third TAPS Irradiation

5.6 – Additional Irradiations
Following the successful test of the TAPS at the PSBR, an attempt was made to
record a clearer signal from the device with the reactor operating at 900 kW. Since the
device had previously been tested at 800 kW and had only reached onset near the end of
that run, a new strategy was utilized to achieve onset before changing to the final reactor
power. The reactor was taken to full power until onset was observed, then power was
decreased to 800 kW, as shown in Figure 41. In total, there were eight irradiations (Table
5). All except the first and last showed hydrophone signals produced by the TAPS that
were substantially in excess of the background noise (mostly due to the N-16 pump).
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Figure 41: Power Trend for Fourth High Power Irradiation of TAPS Device
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Chapter 6 – Post Irradiation Analysis of the TAPS and Future
Work
Irradiation testing of the TAPS device showed that thermoacoustic oscillations
could be successfully driven by a nuclear heat source and observed even in the presence
of substantial background noise. The tests also produced some unexpected results.
Firstly, the measured temperature of the device was far lower than the predicted values.
Two possibilities were proposed as the cause of the lower temperatures: lower than
expected fuel pellet enrichment and less effective insulation of the heat source. As these
issues were investigated, other explanations such as lower fluxes than predicted by the
model as well the burnable poisons in the fuel pellets were postulated.
A second unexpected result of the testing was the observation that the steady-state
temperature of the device decreased with successive irradiations. This behavior was
completely unexpected, and remains under investigation. Figure 42 shows the decreasing
peak temperature at the hot end of the thermoacoustic resonator as a function of the
cumulative Megawatt hours of irradiation. All temperature measurements were recorded
at a reactor power of 1 MW. When referenced to the pool temperature of roughly 18 ± 5
degrees Celsius, it can be seen that by the final irradiation, the temperature rise in the
TAPS device was less than half of its original Celsius value. During this final irradiation,
the device did not reach onset of thermoacoustic oscillations.
The analyses performed to investigate these issues are discussed in detail in this
chapter. Calorimetric calculations are performed to analyze the power production and
insulation properties. Computer simulations were utilized to investigate the sensitivity of
the device to lower than expected enrichment and burnable poisons. A more detailed
model is discussed that may be able to more accurately predict power by removing overly
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conservative assumptions. Finally, an experiment is suggested that would allow for
verification of the power output of the device.
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Figure 42: Change in Peak TAPS Temperature with Successive Irradiations

6.1 – Calorimetric Analysis of the TAPS
The energy deposition in the TAPS heat source was analyzed through calorimetric
heating and cool-down calculations. [17] The total heat capacity of the hot end of the
resonator was first calculated to be 14.1 J/oC based on known material properties. For a
constant heat capacity Cp, the rate of change in temperature,

𝑑𝑇
𝑑𝑡

, can be related to the

heating rate as:
𝛱 = 𝐶𝑝

𝑑𝑇
𝑑𝑡

Data from the fourth test irradiation is presented in Figure 43. The slope from the
most linear region of this data (after the reactor reached full power) was utilized to
calculate a heating rate of 33 watts.
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Figure 43: Thermocouple Temperature from Fourth Irradiation [17]

The effectiveness of the insulation was calculated using data from the cool-down
of the device after the reactor had been shutdown. The temperature, T(t), of the device in
the absence of a heat source can be found as:

T  t   To  Tet /
Where 𝑇𝑜 is the temperature of the bulk coolant. The time constant, 𝜏, was found by
fitting an exponential decay to the temperature data, as shown in Figure 44. The thermal
resistance, Rth, can be related to the time constant as:
𝑅𝑡ℎ =

𝜏
𝐶𝑝

Knowing the thermal resistance, a steady state power of 30.1 watts was found for the
fourth run as:
𝛱𝑠𝑠 =

𝛥𝑇
𝑅𝑡ℎ
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Figure 44: Thermocouple Temperature from End of Fourth Irradiation [17]

This calorimetric analysis has shown through multiple calculations, utilizing data
recorded from measurements, that the power output of the TAPS heat source is
significantly lower than the predicted values. For all 1.0 MW irradiations, the
calorimetrically determined heating, by both methods, was about 30 watts. The
prediction of the model presented in Table 2 was about 160 watts. This is a discrepancy
of over a factor-of-five.

6.2 – Review of Pathfinder Fuel Documentation
A thorough review of the documentation available at the PSBR for the Pathfinder
fuel shipped to the facility was performed. The PSBR received 417 assemblies of
Pathfinder reactor fuel from North States Power (NSP) in 1969. Much of the
documentation discussed the intended use of the fuel for a Fast Spectrum Subcritical
Assembly. After several years of attempting to license the assembly, work on the project
stopped.
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The original discussion between Penn State and North States Power (NSP)
involved the transfer of 415 assemblies of 6.93% enriched pathfinder fuel. Two
additional assemblies, enriched to 7.5%, were added shortly before the fuel was to be
shipped. A second addition was made, under separate shipping paperwork, for two
pellets of 7.5% enriched fuel. Available information on the two pellets amounts to notes
from a telephone conversation [18] and the shipping form [11].
The Pathfinder fuel remained in storage at Penn State until 2003. [19] To aid in
shipping the fuel, additional documentation was requested from NSP. Among the
documents provided was the part of the safety analysis for the original Pathfinder Reactor.
[20] This document did not provide any mention of fuel enriched to 6.93% or 7.5%, but
instead analyzed 2.85% and 3.2% enrichment. An additional search of published works
from the Pathfinder reactor provided no reference to the enrichments of fuel shipped to
Penn State ever being utilized. The safety analysis did however make a single reference
to burnable poisons being included in a limited number of pellets within fuel assemblies.
In the absence of better documentation for the fuel sent to Penn State, it was
decided to investigate these power production discrepancies using computer simulations
incorporating the possibility that the fuel used to power the TAPS device did not have the
same composition as originally modeled. Available literature made it clear that many
different enrichments were utilized for Pathfinder fuel, so a study was performed to
determine what enrichment would be necessary to achieve the observed power output
from the TAPS device. The presence of burnable poisons was also investigated.
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6.2.1 – Simulation of Lower Enrichment Pathfinder Fuel
Given the number of different enrichments explored and utilized by the Pathfinder
reactor project, the possibility the fuel used in the TAPS being of an enrichment other
than 7.5% was investigated. The first simulation performed to investigate this issue
utilized an enrichment of 2.2%, the lowest value found in the reviewed literature. The
power predicted by the model for this enrichment was roughly double the observed
heating rate.
The modeled enrichment was again decreased, this time by 0.5%, and MCNP was
run again. Even at 1.7% enrichment, the fuel pellets were still predicted to produce far
more than the observed power. Rather than continue performing simulations, which
required considerable computer time, the results of the three existing simulations that are
summarized in Table 8 were utilized to extrapolate the enrichment that would be needed
to match observed heat output.
Table 8: Summary of Simulations of Lower Enrichment

Enrichment
[a/o U-235]
7.5
2.2
1.7

Power [W]
154.9
60.6
48.6

Figure 45 shows graphically the curve fit that was used to extrapolate the required
enrichment. Several assumptions were made in order to make this extrapolation. It was
assumed that all energy deposited in the fuel pellets was the result of fission. This is not
necessarily the case, however the limited energy deposition observed in the heat
exchanger (Table 2) shows that non-fission heating can be reasonably neglected. It was
also assumed that there was some amount of self-shielding within the fuel pellets, which
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would cause the relationship between enrichment and pellet power to be non-linear. A
second-order polynomial was fit to the data, and an enrichment of 1.0% was interpolated
and produce a heating of 29.3 W that is consistent with the calorimetrically determined
heating. This curve fit is not expected to be valid for any enrichment above the highest
modeled data point of 7.5%, however within the range of available data, the fit is likely
very close to reality, and negates the need for devoting additional computer resources to
the problem.
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Figure 45: Extrapolation of TAPS Pellet Enrichment

Enrichment in the range of 1.0% is not consistent with any of the specifications
available for Pathfinder fuel. If lower than expected enrichment were the cause of the
lower than expected power output, it would require that, in addition to incorrectly stating
the enrichment when sending fuel to Penn State, NSP would have had to produce fuel at
an enrichment that is not documented in any of the considerable literature regarding the
Pathfinder reactor. In light of this information, it is viewed as highly unlikely that the
pellet’s enrichment differs from the stated value of 7.5%.
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6.2.2 – Simulation of Pathfinder Fuel with Burnable Poisons
The presence of a burnable neutron absorber within the fuel pellets used in the
TAPS device was viewed as an unlikely possibility, however it was potentially consistent
with the observed power output, therefore justifying additional analysis. Since the TAPS
had already been irradiated, it was no longer practical to attempt any form of wet
chemistry technique to identify burnable poisons. This left computer simulation as the
most practical choice for investigation.
Based upon available literature for the 2.2 percent enriched Pathfinder fuel, the
burnable poison Dy2O3 was added to a limited number of pellets at a fraction of 1.8
percent. No literature showed any evidence of burnable poisons being added to higher
enrichment fuels. 1.8 % Dy2O3 was selected for simulation since it was the only loading
known to have been used.
The power production within the TAPS device with 1.8% Dy2O3 added to the fuel
pellets was found to be 135 watts, 20 watts less than the device without burnable poisons.
While this is clearly a step in the right direction, the magnitude of this effect is not
sufficient to explain the observed results. Since there is minimal documentation of
Pathfinder fuel with burnable poisons, and the burnable poison concentration would need
to be considerably more than any known loading within Pathfinder fuel, it is viewed as
highly unlikely that a burnable poison is the cause of the lower than expected power
output of the TAPS device.
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6.3 – Fission Product Inventory Measurements of the TAPS
In addition to performing computer simulations to determine the likely causes of
the limited power output of the TAPS, a method has also been proposed to verify that the
fission output is in fact lower than expected. While calorimetric analysis has reliably
shown that the heat output of the fuel pellets is only 30 watts, the original estimate of 155
watts continues to be used in the calculation of iodine activity until an independent
measurement can be performed.
Since the irradiation history of the TAPS is well documented, a model similar to
the iodine production model can be developed to determine the activity of any fission
product within the TAPS device as a function of power. This model will be greatly
simplified for isotopes that do not have significant loss mechanisms through neutron
capture.
Using a curve of activity vs. power predicted by such a model, the actual fission
power of the device could be determined by measuring the activity of the target isotope.
Since the TAPS device consists mostly of stainless steel, the device is expected to be too
radioactive to remove from the reactor pool without strict radiological controls. This
makes measuring the activity of isotopes within the fuel pellets difficult. Fortunately, a
methodology has already been developed and tested for performing gamma ray spectrum
measurements on spent fuel using a beam port at the PSBR [21]. A diagram of the
experimental setup is shown in Figure 46. This same methodology could prove useful in
measuring the activity of isotopes within the TAPS device while minimizing exposure to
personnel.

68

Figure 46: Diagram of Measurement of Spent Fuel Through Beamport [21]

Once the fission rate in the device has been verified to be lower than originally
expected, additional irradiations of the TAPS device can be performed. Utilizing the
lower fission rate to calculate iodine concentrations, the permitted irradiation times would
increase greatly, potentially allowing the device to reach equilibrium temperature at
lower powers. This would allow for the testing of the TAPS device’s ability to
discriminate between different power levels. This would also allow for studies of
changes in the devices behavior with successive irradiations.
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Chapter 7 – Summary and Conclusions
7.1 – Summary
The ThermoAcoustic Power Sensor is a new sensing technology for the
measurement of power and temperature within high neutron or gamma ray flux
environments. Extensive modeling throughout the design process was employed to
verify that sufficient heat would be generated by the nuclear heat source to drive
thermoacoustic oscillations. Simulation of the final design of the TAPS provided
information needed to develop a model of radioactive iodine production and decay that
was utilized in order to ensure compliance with PSBR Technical Specifications.
Irradiation testing of the TAPS device proved that the sensor could be utilized to measure
neutron flux and reactor coolant temperature.
The modeling of the device occurred over more than a year, and resulted in
multiple changes in the planned irradiation position, from the core face, to the central
thimble, and finally to the E6 in-core position. The results of early models also lead to
the decision to use both available Pathfinder fuel pellets to achieve a greater range of
thermal outputs within the limits of the reactor’s licensed power.
The Technical Specifications limit of 1.5 Ci of iodine isotopes 131 through 135
forced the development of a detailed iodine model, capable of modeling both steady state
and transient operations. This model was later adapted to calculate iodine activity using
real time data from the reactor control system. Iodine production and decay governed the
irradiation schedule throughout testing of the TAPS device.
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7.2 – Conclusions
The E6 core position was identified as the best irradiation location for the TAPS
in the core of the PSBR. The neutron flux was sufficient to cause fission in the TAPS
heat source at a rate that could produce thermoacoustic oscillations. The fact that the
core position is vacant allows for the insertion of the TAPS without requiring a change in
core loading.
MCNP modeling of the irradiation of neutron flux wires showed that the reactor
core model agreed with measured data within statistical uncertainty. This demonstrated
that the existing model of the PSBR would not introduce significant uncertainty into the
combined PSBR/TAPS model.
An iodine production model was constructed that ensured compliance with PSBR
Technical Specifications. The model was necessary not only for monitoring the amount
of iodine within the TAPS heat source, but also for planning complex irradiations with
multiple power changes that could not be easily calculated analytically. This model is
applicable not only to the TAPS, but to any fuelled experiment in the PSBR, and will
remain a resource for future experiments.
Utilizing Pathfinder reactor fuel provided the necessary heat for testing of the
TAPS device in the PSBR. A review of the Pathfinder fuel documentation, coupled with
multiple simulations, which demonstrated that the original enrichment value of 7.5% was
correct.
Testing of the TAPS device at low reactor powers failed to produce the expected
onset of thermoacoustic oscillations. Higher power irradiations, in the range of 800 kW
to 1 MW allowed for measurement of acoustic vibrations driven by nuclear heating of the
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TAPS heat source, thereby demonstrating for the first time that thermoacoustic engines
can be utilized as a measurement tool within nuclear reactors.

7.3 – Future Work
Additional work is necessary to allow for more extensive testing of the TAPS
device. The difference in fission power output of the Pathfinder fuel pellets between
expected and observed values must be rectified. Measurements of fission product
inventory, as discussed in Chapter 6, may be a practical means of determining the actual
fission heating. If the power output of the device can be shown to be significantly lower
than predicted by the model, the iodine model can be adjusted to allow for longer
irradiation times. Using longer irradiation times, the TAPS can be tested at multiple
power levels to demonstrate the ability to differentiate between different neutron flux
levels.
New prototypes of the TAPS device can be designed that build upon the
experience gained in the first set of reactor experiments. A new TAPS prototype will
likely include a better-characterized nuclear fuel, which removes the uncertainty of the
Pathfinder fuel composition. Additional insulation would allow the device to achieve the
necessary temperature gradients for acoustic oscillations with a lower power output from
the nuclear heat source. Testing of prototypes at higher flux reactors such at the
Advanced Test Reactor at Idaho National Lab could allow for the development of gamma
ray heated TAPS devices, eliminating the need for fissile material within the sensor.
The Thermoacoustic Nuclear Power Sensor is a promising new sensor that could
soon be utilized to remotely monitor flux within an operating reactor, without the need
for wires or electrical power, allowing such devices to continue to function through
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emergencies where electrical power is unavailable. Development of the device continues,
and will likely include additional modeling and testing at The Penn State Breazeale
Nuclear Reactor.
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Appendix A: Experiment Authorization for Flux Run
PENN STATE BREAZEALE REACTOR
EXPERIMENT EVALUATION AND AUTHORIZATION

2015- 026

1. Valid Period ____9/18/2015-9/30/2015____________________________________________
2. Supervisor _____Mark Trump_________________________________ Phone _5-6351
Academic Rank (if applicable) RSEC ADO____ Department (Company)__RSEC__________
Address ____RSEC___________________________________________________________
3. Experimenter (s) ____A. Bascom/Turso__________________________________ Phone_5-6351
Academic Rank (if applicable) __SRO/Grad Student___ Department (Company)____RSEC_
Address _______RSEC________________________________________________________
4. Experiment Description ___Gold/AL Flux Wire in E6 Position_________________________
_________________________________________________No._______________________
5. Encapsulation _________Poly Vial Sealed in Rabbit Capsule_____________________________
6. Max Time ___15 min_____ Max Power Level ___1 KW______ (900 kw limit/Rabbit or CT Osc)
7. Location(s) _______R1 Core Position E6___________________________________________
(200 lb. total limit on experiments supported by grid plate)
8. Attachments (see 17. also) - Attached Activity Prediction
9. Experimental Procedures

Flux Run in Core Position E6 Procedure

1. Verify the reactor in R1, go to Standby
2. Remove source from position E6 and relocate to E4.
3. Ensure Count Rate Low interlock is cleared on RSS and DCC-X (if not place the source in
E4)
4. Position dummy fuel element sample holder in position E6
5. Irradiate for time and power specified on experiment authorization
6. Secure the reactor.
7. Remove dummy fuel element and place in fuel storage rack
8. Return Source to position E6

10. Neutron Exposure Data
Date

Sample ID

No.

Time

Power

Fluence

Daily MWH Total MWH
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Flux Run 1

1

15 min

1 KW

11. UIC Authorization (or NRC or Agreement State License) No. ___R-2_________

12. Material Data (table below or attachment) summary by _Dubenspeck______ Date 9/18/15 Calc/Est
A

B

C

D*

E

F**

G

Material &

Weight or

Isotopes

Expected

Gamma

Gamma Exposure

Activity

Identification

Volume

Produced

Activity

Factor

Rate At a Distance

Limits

Cd ALAu

Varies

See Attached

See Attached

*____N/A_____ days ___16__ hours after irradiation is the earliest time that the sample should be released
**Rule of thumb for Beta exposure – each mCi of activity produces 300 rad/hr at 1 cm and 100 mrad/hr at 1 ft.
13. Review Considerations:
Radiation Exposure & Effluent Release considered in ALARA Review
Ar-41 production (< 1xE-8 Ci/ml est/meas)

(date)

X

Not Required

<1E-8 estimate, Experience

Ar-41 production meas/cal if estimated dose > 0.01 mrem/24 hrs/exclusion boundary (release intended)

na

Ar-41 production meas/cal if estimated dose > 0.1 mrem/24 hrs/exclusion boundary (no release intended)

na

Total excess reactivity change to the Known Loading (< $1.00 est/meas)

< - $0.200

(includes fuel, experiments, and experimental facilities)
Maximum Cold Core Excess Reactivity with exp/exp fac in place ($7.00 est/meas)
Reactivity Worth/Fuel Changes (est/meas)

< - $7.00

N/A

Reactivity Worth/Movable Experiment (< $2.00 est/meas)

N/A

Reactivity Worth of Movable Experiments or Movable Portions of a Secured Experiment Plus
Maximum Allowed Pulse Reactivity (< $3.50 est/meas)
Reactivity Worth/Secured Experiment (< $3.50 est/meas)
Reactivity Worth/All Experiments (< $3.50 est/meas)

N/A No pulsing
< - $0.200
< - $0.200

Failure Mechanisms Considered (corrosion, overheating, impact from projectiles, chemical and
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mechanical explosions)

N/A

Off Gas-Sublimation-Volatilization-Aerosol Production

N/A

Fueled experiment - Iodine 131-135 inventory (< 1.5 Ci)

N/A

Results of review if > 5mCi of Iodine 131 - 135

N/A

Safety System Review

Yes (see 14 also)

14. 50.59 Approval Date

or, Not Required

15. PSRSC Review Date

or, Not Required

16. Radiation Protection Office Monitoring of Release Required (Yes/No)?
RWP required by UIC Auth (Yes/No)?

No

No

X
X
X
EHS discretion

RWP required by this SOP-5 Auth (Yes/No)?

No

17. Approval Conditions or Restrictions:
18. Approved by:

Trump Date: 9/18/2015
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Appendix B: Experiment Authorization for TAPS
PENN STATE BREAZEALE REACTOR
EXPERIMENT EVALUATION AND AUTHORIZATION
1. Valid Period: 9/24/15 to 12/24/15

2015-025

EXTEND TO: ___ _______________ ADO:________________
EXTEND TO: ___________________ ADO:________________
2. Supervisor Trump
Academic Rank Research Associate

Phone 863 2745
Department RSEC

Address Breazeale Nuclear Reactor, University Park, PA
3. Experimenter S. Garret PSU, M. Heibel Westinghouse, Heidrich INL
Position: Professor

Phone

Department (Company). Acoustics (COE)

4. Experiment Description Thermal Acoustic Power Sensor
5. Encapsulation Welded Stainless steel enclosure in aluminum holder in R1
6. Max Time Highly limited see procedure

Max Power Level See Procedure

7. Location(s) R1
(200 lb. total limit on experiments supported by grid plate)
8. Attachments and References
1. Exposure/experiment Procedure
2. Iodine predictions
3. Material Activity Predictions (See AP-12 2015-07 file)
4. Safety Review (See AP-12 file)
5. AR-41 Predictions (See AP-12 file)
9. Experimental Procedures/Precautions
 Samples and sample holder will be DANGEROUSLY radioactive immediately after irradiation
 CAUTION DO NOT REMOVE SAMPLE FROM POOL without continuous EHS monitoring.
 CAUTION Exposure of device longer than specified times/power may result in violation of TS
3.7 Iodine limits
 Perform an initial reactivity assessment IAW SOP-5 (Attach record)
 Record Accumulated MW-HR for each exposure on the individual exposure sheets
 Each exposure requires Explicit Direction of the ADO
 Operate only IAW SOP-1, specific test procedure or documented ADO direction
10. Neutron Exposure Data

11. UIC Authorization (or NRC or Agreement State License) No. R-2 Expiration Date 2029
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12. Material Data (table below or attachment) summary by

Zellhart/Johnsen Date various

Calc/Est
A

B

C

D*

E

F**

G

Material & Identification

Weight

Isotopes Produced

Expected

Gamma

Gamma Exposure Rate At a

Activity

Activity

Factor

Distance

Limits

See attached detail
T=0
HIGH
Immediately Hazardous!
Al Holder – CAUTION
* CAUTION DO NOT PULL OUT OF THE POOL WITHOUT CONTINUOUS EHS MONITORING

13. Review Considerations:
Radiation Exposure & Effluent Release considered in ALARA Review
Ar-41 production (< 1xE-8 Ci/ml est/meas)

NA

(date)

Not Required

~ 1 Ci total; 6 E-7Ci/ml

Ar-41 production meas/cal if estimated dose > 0.01 mrem/24 hrs/exclusion boundary (release intended)

No release

Ar-41 production meas/cal if estimated dose > 0.1 mrem/24 hrs/exclusion boundary (no release intended) <.01 mR/24hr

Total excess reactivity change to the Known Loading (< $1.00 est/meas)

<+$.10 /

Maximum Cold Core Excess Reactivity with exp/exp fac in place ($7.00 est/meas)

<$7.00

n/a

Reactivity Worth/Fuel Changes (est/meas)

n/a

Reactivity Worth/Movable Experiment (< $2.00 est/meas)

Reactivity Worth of Movable Experiments or Movable Portions of a Secured Experiment Plus
Maximum Allowed Pulse Reactivity (< $3.50 est/meas)
Reactivity Worth/Secured Experiment (< $3.50 est/meas)

NO PULSING
<10 (est) Cents
10 Cents (est)

Reactivity Worth/All Experiments (< $3.50 est/meas)

Failure Mechanisms Considered (corrosion, overheating, impact from projectiles, chemical and
mechanical explosions)

See Safety analysis
Not applicable sealed enclosure

Off Gas-Sublimation-Volatilization-Aerosol Production
Fueled experiment - Iodine 131-135 inventory (< 1.5 Ci)

Exposure restriction to maintain less than 1.5

Results of review if > 5mCi of Iodine 131 - 135

See Iodine production plans (attached)

Safety System Review

Yes (see 14 also)

14. 50.59 Approval Date
15. PSRSC Review Date

2015-07 9/18/15
5/7/15

or, Not Required
or, Not Required

16. Radiation Protection Office Monitoring of Release Required (Yes/No)?
RWP required by UIC Auth (Yes/No)?

No

X

NO

Yes

RWP required by this SOP-5 Auth (Yes/No)?

17. Approval Conditions or Restrictions: none
18. Approved by:

Trump

Date: 9/23/15
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NO

Appendix C: TAPS Test Procedure
PENN STATE BREAZEALE REACTOR
Experimental Test Procedure

Westinghouse/INL
Irradiation Testing of the Nuclear-Driven Thermo-acoustic Engine

Principal Investigator
STEVEN L. GARRETT, Professor of Acoustics
Penn State – Graduate Program in Acoustics
201 “G” Applied Science Bldg.
University Park, PA 16802-5018
Office: (814) 863-6373

Review by _______________ ____________ Reviewed by R.S.O. _________________________
(Date)
(Date)
Approved:_________________
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Purpose: This procedure outlines the requirement for conducting in-core testing of the
Thermo-acoustics temperature/power detector (TAPS). This nuclear fission based
detector can provide wireless indication of neutron or fission power in the reactor core as
well as directly read temperature. This procedure provides for the initial testing of the
prototype proof of concept detector using fission power in “rabbit 1” position of core 56.
II
Precautions and Limitations:
A. Removal of the irradiated TAPS sensor from the shielding of the Pool may be
immediately hazardous due to high radiation levels. EHS approval/ monitoring
required.
B. Specific ADO authorization for each irradiation of the TAPS sensor is required.
Operation power and time for each irradiation will be specified. All power range
maneuvers will be done in automatic with a 26 sec period.
C. Operation with the TAPS sensor in the reactor core can quickly exceed the TS 3.7
limit for Iodine concentration and create a reportable event. The reactor will be
immediately scrammed if the MW-Hr limit specified in each irradiation plan
is reached.
D. Operation of the TAPS sensor with temperatures above 700 °C is prohibited. The
reactor will be immediately scrammed if TAPS temperature reaches 650 °C.
E. The operations team will maintain close communications with and follow the
general direction of the experimenter as long as those directions are consistent
with procedures and do not exceed the irradiation MW-hr limit or temperature
limit. The reactor operator shall shutdown or scram the reactor if given
conflicting or unclear direction.
F. The transient rod should be prepositioned to the highest power expected prior to
power range operation to avoid reactor operator distraction during the test.
G. The test should be terminated (shutdown or SCRAM) if TAPS thermocouple
temperature exceeds operational expectations or does not respond to increasing
power. ADO explicit direction is necessary to restart the experiment.
H. The SRO will conduct a pre-job brief prior to the start of each irradiation. The
brief will include as a minimum the RO and the experimenter. The brief will
clearly delineate the irradiation plan, the MW-hr limit, the temperature expected,
and the temperature limits Scram limits and time at each power level, transient
rod positioning, termination criteria, and communications methods.
I. The TAPS is a precision instrument, handle with care.
III
References:
A. SOP-5 2015-026
B. AP-12 2015-07
C. SOP-1
IV-SPECIAL EQUIPMENT
A. TAPS temperature monitoring equipment
B. TAPS flux monitoring equipment
C. TAPS acoustic monitoring equipment
D. Fuel handling tool
E. Radios or headset communication between RO and temperature monitoring (as
needed)
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Figure 2: SolidWorks® rendition of the resonator tube containing the Celcor® stack
and hot heat exchanger (without 235U pellets) and surrounded by the insulation tube.
(Top) Fully suspended resonator shown with the insulated hot-duct section at the left
and both suspension

Iodine FP Production from the Irradiation of
Fueled TAC Engine at 130watts
I-131 to I-135 Activity [Ci]

1.500
1.200
I-131
0.900

I-132
I-133

0.600

I-134
0.300
0.000
0.00

I-135
Total
2.00

4.00
Clock Time [hrs]

6.00

8.00
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V

PROCEDURE
V.A

Initial setup and reactivity check

1. Move the source from E-6 to E-4, log the movement.
2. Perform a SOP-5 experiment reactivity assessment using the Difference of CRPs
Method. See table below.
3. In conjunction with Experimenters, insert the TAPS sensor in E-6. Log the
installation.
4. Verify the TAPS sensor is operational (if applicable)
5. Complete the SOP-5 difference of CRPs.
6. Log the results and record the difference on the SOP-5 Authorization 15-025
7. Shutdown or Proceed to the first irradiation if ready.
Difference of CRPs Method Worksheet
Initial Control Rod Worths @ 100W CRP
Date:
Worth
Transient Rod
Safety Rod
Shim Rod
Regulating Rod
Total Worth

Final Control Rod Worths @ 100W CRP
Worth
Transient Rod
Safety Rod
Shim Rod
Regulating Rod
Total Worth
Experimental Reactivity:
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V.B TAPS IRRADIATION TEST Experiment Insert
Irradiation Number 1
MW-hr limit

__0.125_MW-hr ________
ADO

1. Determine irradiation time and power limitation based on existing Iodine burden
and planned operations.
2. Reset the console MW-hr IAW attached directions
3. Record the current MW-hr reading in the log with annotation reset to MW-hr to
zero MW-hr
4. Place MW-hr on the High or Mid-power trend with appropriate scale for the
expected maneuver/limit
5. Conduct a Pre-job brief IAW Precautions and Limitations.
CAUTION
Operation of TAPS at higher than 650°C is not authorized.
SCRAM the Reactor if any TAPS thermocouple sensor reaches 650°C
CAUTION
Operation beyond the MW-hr limit specified may result in violation of TS 3.7
SCRAM the reactor if MW-hr reaches the limit authorized above
CAUTION
The sample and holder are dangerously radioactive following irradiation. Removal
from pool requires EHS concurrence and monitoring
6. If not already done:
 Move the source from E-6 to E-4, log the movement.
 In conjunction with Experimenters, insert the TAPS sensor in E-6. Log the
installation.
 Verify the TAPS sensor is operational
NOTE
For consistency of performance and Iodine tracking, all maneuvers in the power range
should be in automatic with a 26 second period. The transient rod should be prepositioned for the highest planned power maneuver. Balanced rods will be maintained
only above 900 kW.
NOTE
Normal hourly log keeping is suspended during this test.

Exposure Number 1 PLAN
86

NOTE
The Experimenter may request and receive an extension of time at a lower power.
For each time extension, delete the highest remaining power from the plan.
Power
Time
Est. Pellet Expected
Actual
MW-Hr MW-HR
Power.
Temp
Temp.
Expect
Actual
10 kW
4 min
1.5 watts
<<50
0.001
100 kw
4 min
15 watts
<300
.01
170
4 min
26 watts
<400
.02
300
4 min
47 watts
<550
.04
500
4 min
78 Watts
<650*
.075
600
4 min
93 watts
<650*
.115
*Thermo Acoustic onset is expected to limit temperature by these power levels
7. Set the timer for the appropriate amount and use it to time power at each level.
8. Take the reactor to standby IAW SOP-1.
9. Preposition the transient rod to the position predicted for the highest planned
Power operation.
10. Startup the reactor and place in automatic
11. Maneuver in automatic with 26 second period to the designated power level IAW
SOP-1
12. Start/restart timer
13. Monitor MW-hr trend
14. Prepare for next power maneuver.
15. Verify TAPS local thermocouple reading is not in excess of expected value.
16. Initiate power maneuver at the designated time
17. Repeat steps 11 through 16 OR shutdown/scram and secure the reactor IAW
SOP-1.
18. If the experiment is complete and other operations are planned, store the TAPS in
a fuel rack and return the source to E-6. Log all actions.
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