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The work enables development of a highly reliable, distributed fiber optic temperature and
fluence sensor network operable under high temperature/neutron fluence conditions and
located throughout the reactor core (axial and transverse dimensions). The project scope
encompasses fabrication of the sensor hardware, test article design and fabrication to support
in-core testing, sensor hardware demonstration at the Texas A&M University TRIGA research
reactor, 3D modeling of the NGNP/VHTR configuration and scaling from the TRIGA test
environment to the anticipated VHTR operating conditions. The corresponding
temperature/neutron field map reconstruction and optimization of in-core detector positioning
to minimize uncertainties are also be performed. The advantages of real-time in-core monitoring
are illustrated
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Disclaimer

This paper was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information disclosed. The

views and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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Abstract

1.Abstract

Advanced instrumentation capable of operating in high-temperature/high-radiation environments
is required to fully map the temperature and neutron fluence distributions in the proposed very
high-temperature reactor (VHTR) cores. This project will develop a highly reliable, distributed
fiber optic temperature and fluence sensor network operable under high-temperature/high-
neutron fluence conditions and located throughout the reactor core. The project scope
encompasses fabrication of the sensor hardware, test article design and fabrication to support
in-core testing, sensor hardware demonstration at a university TRIGA research reactor, 3D
modeling in a VHTR configuration, and scaling from the TRIGA test environment to the
anticipated VHTR operating conditions. The project will also perform corresponding
temperature/neutron field map reconstruction techniques and optimization of in-core detector
positioning to minimize uncertainties. The proposed in-core monitoring is expected to reliably
perform under extreme conditions that allow on-demand positioning in the reactor vessel. This
results in direct in-core monitoring in prismatic core configurations and an opportunity to position
detectors at innermost outer reflector locations or inside the central graphite column of the
pebble bed system.

Online temperature and fluence mapping provides real-time assessment of reactor performance,
benchmarks simulation and analysis codes used in core design and modeling, and allows
optimization of operating margins. Existing instrumentation either fails prematurely due to
combined effects of high temperatures and radiation and cannot perform reliably for the entire
18-month refueling cycle, or does not provide sufficient real-time information. The current near-
term VHTR design has a projected coolant outlet temperature ranging from 750°C to 950°C, with
nominal fuel temperatures ranging from 700°C to a maximum of 1,250°C. These conditions,
combined with the high-radiation environment, create extremely harsh operational conditions
that pose tremendous challenges for in-core monitoring system design. These challenges are
currently mitigated by providing out-of-core monitoring capabilities and applying corresponding
reconstruction techniques to determine temperature and neutron fluence rate profiles across the
reactor core. These techniques cannot predict local phenomena due to significant uncertainties
and, hence, result in higher safety margins.

Original project number designator: 09-241.
Original PI: S. Bragg-Sitton, Texas A&M University.

Collaborators: T. Bertch - General Atomics, B. Dickerson - Luna Innovations, R. Fielder - Luna
Innovations, D. McEachern - General Atomics, A. Ougouag - Idaho National Laboratory, A. Sang
- Luna Innovations, P. Tsvetkov - Texas A&M University.
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Executive Summary

2.Executive Summary

2.1. Fiberoptics-Based Sensing for Real-Time 3D In-Core
Monitoring in NGNP/VHTR Environments

2.1.1. Introduction

Robust sensing technologies allowing for 3D in-core performance monitoring in real time are of
paramount importance for already established LWRs to enhance their reliability and availability
per year, and therefore, to further facilitate their economic competitiveness via predictive
assessment of the in-core conditions. This is even more so the case for emerging advanced
reactor technologies, such as Next Generation Nuclear Plants (NGNPs), Very High Temperature
Reactors (VHTRs). The NGNP/VHTR will be a full-sized demonstration of the Generation 1V
VHTR for a range of potential applications from electricity to process heat.[1] The novel VHTRs
are characterized by very hostile in-core conditions of high temperatures and hardened neutron
spectra, in which traditional sensors may operate reliably only for a limited amount of time failing
prematurely due to combined effects of high temperatures and radiation.[2,3] In existing
prototypes, like HTTR, this challenge is mitigated by providing out-of-core monitoring capabilities
together with reconstruction of in-core values as well as by allowing for sensor
insertion/withdrawal on demand thus extending their useful lifetime.[4]

In the present project, the 3-year effort is focused on enabling development efforts to yield a
highly reliable, distributed fiber optic temperature and fluence sensor network operable under
high temperature/neutron fluence conditions and located throughout the reactor core (axial and
transverse dimensions).[5] The project scope encompasses fabrication of the sensor hardware,
test article design and fabrication to support in-core testing, sensor hardware demonstration at
the Texas A&M University TRIGA (Training, Research, Isotope Production, General Atomics)
Mark I IMW research reactor, 3D modeling of the NGNP/VHTR configuration and scaling of the
results from the TRIGA test environment to the anticipated VHTR operating conditions. The
corresponding temperature/neutron field map reconstruction techniques and optimization of in-
core detector positioning to minimize uncertainties and enhance sensing reliability are also
performed. The project is funded by the DOE Nuclear Energy University Program.

This paper discusses the project efforts and outcomes, hardware, and gained operational
experience. Notably, advanced in-core test assembly has been developed and deployed for
experimental confirmation of fiberoptics sensor performance characteristics in VHTRs via
emulation of VHTR in-core conditions in TRIGA reactor cores.[5,6]

2.1.2. High Temperature Furnace

Emulation of the VHTR conditions in the TRIGA requires three criteria to be met: spectrum,
temperature, and environment. The sensor test assembly is required to be irradiated to a fluence
of 2x1019 n/cm2 and operate at 10000C. A high temperature test furnace has been designed,
manufactured and deployed in the TRIGA core to achieve this objective. The developed furnace
design originates from the General Atomics furnace developed in the 1970s for high temperature
reactor (HTR) fuel testing in TRIGA reactors.[6]
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Figure 1 shows the overall layout of the high temperature test assembly (left) and the
experimental setup in the TRIGA pool (right) during acceptance testing procedures confirming
its operational readiness prior to installing in the allocated position within the TRIGA core and
commencing the experimental program. This furnace assembly is a successful culmination of
several years of design, construction and testing efforts within the project. The furnace was
designed and fabricated with the guidance of analytical and numerical tools, the STAR-CCM+
package, in particular.
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Fig. 1. High temperature test assembly design (left) and the experimental setup during the
TRIGA in-pool acceptance testing (right).

The high temperature furnace is capable of an automatic startup triggered by a user input
followed by a swap to a PID controller. Fig. 2 shows the transition during the startup to the PID
controller. The transition limits the temperature gradient from exceeding 0.2 °C/s and prevents
temperature overshoot to less than a degree. The PID controller was optimized at the acceptance
testing stage of the experimental program and further improved following operation in the reactor
environment.

During operation, the reactor undergoes various transients of known power. These are normally
to accommodate sample movements or experiments and vary between 100 kW and 1 MW. With
the PID controller active, the furnace temperature is maintained.
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Fig. 2. Automatic swap to PID controller via LabView.

Figure 3 shows the operation of the high temperature furnace throughout a day, completely
unattended where the depression in power between 500 and 1000 minutes corresponds to the
reactor operation at IMW.
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Fig. 3. Full day operation of the high temperature furnace showing ohmic power and
temperature.

The high temperature furnace operation has been smooth and stable. It is expected to maintain
operational integrity throughout the experimental program of the project and in follow-on
experimental efforts with minimal maintenance. The process of installation and data acquisition
has occurred without major problems. The automatic PID controller works well with the
parameters that were set manually.

2.1.3. Fiberoptics vs. STAR-CCM+ Predictions

Figure 4 illustrates a comparison of the thermal distribution from fiber optic measurements to the
spatial gradient from the STAR-CCM+ simulation. The largest discrepancies are at the axial ends
of the graphite since there are significant assumptions on the contact resistances with the
alumina supports. This will affect the heat transfer from the ends. It was assumed, in the
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modeling, that there would be about 20% contact (only allowed 20% of the mesh volume to
transfer heat between surfaces).

1 =
0.8
Z06
=
-
=
Fiber Optic Measurement
STAR-CCM+ Prediction
0 1 I L 1 1
148 14.9 15 151 15.2

Position [m]

Fig. 4. Normalized temperature distributions from fiberoptics measurements and the
STAR-CCM+ model.

It has been observed that fiberoptics measurements are severely affected by vibrations due to
natural circulation cooling of the reactor while operating. The affected regions are typically at the
fiber end (15.25+ meters) and at the feedthrough into the furnace (14.8 — 14.9 meters). It does
appear that the vibration induced noise affects the measurement only locally and that the rest of
the measurement is not impacted. The shape of the temperature distributions do closely match
with the peak being predicted within a centimeter. As expected, the temperature gradients near
the edges of the graphite heating element (the end of the STAR-CCM+ data plot corresponds
with the end of the graphite heater) are steeper.

During operation of the furnace at an average temperature of 5000C, the fiberoptics measures
an average temperature of 720.20C; compared to the thermocouple readings this poses a
challenge for the fiberoptics. The observed differences appear to be due to internal fiberoptics
material effects and their interpretation by the fiberoptics data acquisition and processing
software package.

At the present state of the question, there appear to be significant dependencies of the fiberoptics
sensing on the software data package performance, especially on calibration and built-in material
effects models. These dependencies jeopardize contemporary uses of fiberoptics-based sensing
architecture. However, these observations do not exclude future potential applications as
software packages mature.

2.1.4. Fiberoptics Lifetime Measurements

welve fiberoptics sensors were available for irradiation within the fiber optic instrumentation
probe. This probe contains four of each of the temperature, gamma, and neutron detecting
sensors, of which three fibers had failed prior to arrival of the probe at Texas A&M University. An
average fluence of 1.0x10'° n/cm? was reached for each fiberoptics sensor type during the
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available operational time. The results of this irradiation are summarized in Table 1. Two fibers
failed to initial thermal stressing and the two remaining gamma fibers failed as a result of the
irradiation, as shown in see Fig. 5.

Table 1. Fiberoptics 3-month-irradiaiton survivability

Fiberoptics Sensor Type | Final Condition | Comment

Gamma 1 Failed — DOA*

Temperature 2 Failed Failed immediately at startup.
Neutron 3 Survived

Gamma 4 Failed — DOA*

Temperature 5 Survived

Neutron 6 Failed — DOA*

Gamma 7 Failed Failed at 4.5e18 n/cm? fluence.
Temperature 8 Survived

Neutron 9 Survived

Gamma 10 Failed Failed at 5.8e18 n/cm? fluence.
Temperature 11 Failed Failed immediately at startup.
Neutron 12 Survived

DOA - dead on arrival.

It is likely that the failures of gamma-sensing fibers were resulting from material swelling. Both
fibers failed with the same characteristics of increased return loss at point between support
ferrule interfaces within the instrument probe. This assertion has not been physically confirmed
in the present analysis.

-5
-60
an e

Arnplitude [dBfmm)

=
o
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Fluence [nfcm2] 0 g4
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Fig. 5. Gamma fiber return loss over probe length during irradiation.
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2.1.5. In-Core Sensor Positioning and Data Processing

A 3D whole-core exact-geometry model of a VHTR hexagonal-block configuration with a detailed
component representation has been developed and implemented for calculations with
MCNP/MCNPX and Serpent. The model is based on the NGNP pre-conceptual design
features.[1]

The modeling approach allows for development and applications of in-core 3D performance map
reconstruction techniques accounting for novel direct 3D in-core measurement approaches for
extreme environments of HTRs such as would be eventually offered by fiberoptics sensing once
this instrumentation technology matures to the level of reactor applications. Figure 6 summarizes
six considered potential sensor arrangements within the VHTR including active core and reflector
regions.

Arrangement 1 Arrangement 2

o
o

Fig. 6. Sensor arrangements within a locks are marked with “X”.
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Figure 7 shows the average reconstruction relative errors for each of the arrangements depicted
in Fig. 6. It is interesting to note that while arrangement 1 contains the most sensors, it does not
always perform the best.

time [days

BENS0T Arrangenent

Fig. 7. Average reconstruction relative errors (avg. RE) for six sensor arrangement
configurations.

2.1.6. Conclusions

This report presented the results and observations obtained in the course of the 3-year program.
The gained practical experience with fiberoptics sensors and computational evaluations of
distributed sensing networks for reactor in-core applications indicate potential opportunities for
future applications, especially in the environments which would be either physically hostile or
geometrically challenging for traditional sensing technologies. Furthermore, as indicated above,
distributed sensing allows gathering more robust data during reactor operation which is essential
not only for predictive safety monitoring but also for competitive reliability and economics. The
project was focused on NGNP/VHTR environments but the analyzed fiberoptics sensing and 3D
in-core monitoring via distributed sensing are of paramount value for LWRs, emerging SMRs
and all advanced nuclear reactors.

Although fundamental feasibility and potential applications for fiberoptics sensors have been
established, the technology is, by far, is not ready for near-term practical in-core
implementations. The noted challenges include excessive dependencies of sensing system
performance characteristics on vibrations due to thermo-mechanical core characteristics,
resulting noise effects, internal fiberoptics material effects and their interpretation by the
fiberoptics data acquisition and processing, and overall inherent dependencies of fiberoptics
sensing technologies on accompanying software components to recover and interpret measured
performance characteristics, and frequent calibration needs for the system to operate
meaningfully. These observations strongly suggest the need for further research efforts to
systematically resolve these challenges, thus allowing taking a full advantage of the existing
fiberoptics and distributed sensing capabilities for next generation in-core instrumentation
solutions for current LWRs as well as SMRs and advanced reactor systems.
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2.2. 3D Mapping and Reconstruction for In-Core Monitoring
in Advanced Reactors

2.2.1. Introduction

Advanced sensor networks and data processing algorithms are needed for future generation
nuclear reactors and energy systems. In many cases, detector systems designed for current
generation LWRs cannot survive in advanced reactors. Reactor safety margins for these
advanced systems must account for uncertainties in reactor operating conditions.

Accurate on-line reconstruction approaches would significantly reduce the uncertainties present
in predictive capabilities for core-wide distributions thus enhancing system reliability and
availability per year, and therefore, facilitating economic competitiveness via predictive
assessments of the in-core conditions.

This paper is focused on reconstruction techniques for the very high temperature reactor (VHTR),
one of several next-generation designs supported by the Generation IV International Forum
(GIF).[1]

The novel VHTRs are characterized by very hostile in-core conditions of high temperatures and
hardened neutron spectra, in which traditional sensors may operate reliably only for a limited
amount of time failing prematurely due to combined effects of high temperatures and
radiation.[2,3]

In existing prototypes, like HTTR, this challenge is mitigated by providing out-of-core monitoring
capabilities together with reconstruction of in-core values as well as by allowing for sensor
insertion/withdrawal on demand thus extending their useful lifetime.[4]

The goal of the ongoing effort is to develop an advanced 3D in-core mapping and reconstruction
via distributed sensor networks.
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2.2.2. High-Fidelity Reactor Model

A 3D whole-core exact-geometry model of a VHTR hexagonal-block configuration with a detailed
component representation has been developed and implemented for calculations with
MCNP/MCNPX and Serpent. The model is based on the NGNP pre-conceptual design
features.[1] The modeling approach allows for development and applications of in-core 3D
performance map reconstruction techniques accounting for novel direct 3D in-core measurement
approaches for extreme environments of HTRs.

Earlier benchmark studies validated applicability of the modeling approach to correctly represent
design features and performance characteristics of HTRs.[5,6] Figure 1 illustrates details of this
model. The model color scheme demonstrates the ability to quantify physics characteristics while
varying properties per block. It allows for tracking environments in fuel and coolant channels.

Unigue
Assemblies

Control
Rods

Unique Axial Layers

1/6 Periodic
Symmetry

Fig. 1. High fidelity whole-core VHTR model.

2.2.3. Performance Analysis

This work is particularly concerned with the location in the core where neutron flux was at a
maximum. The location of the hot spot is a complex function of time.

Figure 2 shows how the neutron flux hot spot moved up and down the core as a function of time.
This complex behavior shows the need for a robust sensor network capable of providing
sufficient information to reconstruct the in-core flux distribution. The corresponding Fig. 3 shows
the flux distributions in the reactor at several different times during operation.
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Axial Level of Hot Spot

0 100 200 300 400 500
[days]

Fig. 2. Axial fluctuations of neutron flux hot spots as a function of time during reactor
operation at full power.
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Fig. 3. Snapshots of the neutron flux distributions at several times during reactor
operation at full power.

2.2.4. Reconstruction Approach

The conceptually simplest flux reconstruction methods are those based on pure interpolation. An
algorithm that could linearly interpolate on an unstructured grid was used in order to
accommodate any possible sensor configuration.

Using this method, a tetrahedral mesh is constructed whose vertices correspond to locations
where the neutron flux is measured by a sensor. Mathematical techniques were then used to
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linearly interpolate the neutron flux across the reactor core. The single-block sensor arrangement
used to test the interpolation-based reconstruction algorithms is shown in Fig. 4.

[em]

75 70 5 B0 55 B0 45 4D .35
fem]

Fig. 4. Sensor layout used within a single block structure.

Figure 5 summarizes six considered potential sensor arrangements within the VHTR including
active core and reflector regions.

Arrangement | Arrangement 2

Fig. 5. Sensor arrangements within a VHTR, instrumented blocks are marked with “X".
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Executive Summary

The proper orthogonal decomposition (POD) is a data analysis tool that can be used to create
low-dimensional representations of high-dimensional data. POD has been used in a variety of
fields including image compression, signal processing, turbulence analysis, and design
optimization. In this work we focused on its use with time-series data. Given an ensemble of
time-series data, POD can be used to create spatial modes, sometimes called empirical
eigenfunctions, that can be used to reconstruct the data.

The POD-based method performs well, and better than the interpolation-based method, in the
reconstruction relative error and percent error in true hotspot magnitudes. Figure 6 shows a
detailed view of the algorithm's performance in predicting the z coordinate of the hotspot. Except
for a few spikes, the error is modest for lower levels of noise, but degrades to unacceptable
levels as the noise amount increases.

500 — 1

Ztrue — Fprodicted
(=]

-500 |

time [days] 00

noise std dev

Fig. 6. Error in z coordinate of POD algorithm's predicted hotspot location when signal is
noisy.

Sensor failure was modeled by deterministically failing the closest sensors to the core-wide hot
spot. The reconstruction algorithm was run testing the effects of failing up 5 five sensors for each
sensor arrangement. All cases used all modes from the POD basis generated from the odd-
numbered snapshots. Sensor failure has the largest effect on arrangements 4 and 5; however,
these two arrangements had the fewest sensors to begin with.

2.2.5. Conclusions

This paper presented the results and observations obtained in the course of the 3-year program.
The computational evaluations of distributed sensing networks for reactor in-core applications
indicate potential opportunities for future applications.

The project was focused on NGNP/VHTR environments but the analyzed sensing and 3D in-

core monitoring via distributed sensing are of paramount value for LWRs, emerging SMRs and
all advanced nuclear reactors.

The interpolation-based algorithm is conceptually straightforward and performs well provided
enough sensors are placed in the core. It is doubtful that it would be economically feasible to
remove fuel pins from the core just to insert more sensors.

—~e

o+ cenenar aromes | UNAy- (@) Eiigioy “NEW  TNL

gy Usawady Proggacs o Nofional Lborotory




Executive Summary

The POD-based reconstruction method is recommended over the interpolation-based method
because it yields more accurate reconstructions with fewer sensors. The POD-based method
was able to reconstruct the in-core flux with 24 sensors more accurately than the interpolation-
based algorithm could with 211 sensors. The POD method was also better at handling signal
noise and sensor failure.

The chief disadvantage of the POD-based method is that its behavior is not as predictable as
the interpolation-based method. The snapshots fed into the algorithm must span the operating
conditions experienced by the reactor.
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3.Introduction

Generation IV very high temperature reactors (VHTR) constitute one of the near-term advanced
reactor design groups that have a potential for early deployment. The VHTR designs stem from
historical high temperature gas-cooled reactors which have been in operation since the 1950s.

Generation IV VHTRs offer a broad spectrum of potential applications ranging from electricity
generation to industrial heat applications to nuclear waste management. The next generation
nuclear plant (NGNP) will be a full-sized demonstration VHTR targeting industrial heat
applications and electricity.[1]

However, the current near-term VHTRs have projected helium outlet temperatures ranging from
750°C to 950°C, with nominal fuel temperatures being as high as 1250°C.[1] These high
temperatures expected in VHTRs, combined with the high radiation environment, create
extremely harsh operating conditions for in-core monitoring systems, limiting accessibility of the
core and longevity of the instruments. This challenge is currently mitigated by providing out-of-
core monitoring capabilities together with reconstruction of in-core values.

Advanced instrumentation capable of operating in high temperature/radiation environments can
be used to fully map the temperature and neutron fluence distributions in advanced reactor cores.
Online, distributed measurements provide real-time assessment of reactor performance and can
be used to benchmark simulation and analysis codes.

However, the harsh operational conditions pose tremendous challenges for in-core monitoring
system design. A distributed fiber optic temperature and fluence sensor network operable under
extreme conditions and which may be located throughout a reactor core (axial and transverse
dimensions) is currently being developed.

Online direct 3D in-core temperature and fluence mapping via a distributed sensor network
provides real-time assessments of reactor performance characteristics facilitating safe and
reliable operation of VHTRs with optimized operational margins and potentially minimal needs
for operator/maintenance interventions.

This report discusses the ongoing effort to develop an advanced 3D in-core mapping via a
distributed sensor network that would be capable of reliable performance in high
temperature/high radiation environments for prolonged periods comparable at least to the fuel
loading lifecycles. The project is funded by the DOE Nuclear Energy University Program and is
focused on testing of a distributed fiber optic sensor network for online 3D temperature and
neutron fluence mapping in the VHTR in-core environment.[2]

Supported by a DOE Nuclear Energy University Programs award, the project scope
encompasses fabrication of sensor hardware, test article design and fabrication to support in-
core testing, sensor hardware demonstration at the Texas A&M University (TAMU) TRIGA
research reactor, 3D modeling of the NGNP/VHTR configuration and scaling from the TRIGA
test environment to the anticipated VHTR operating conditions. A test configuration that allows
for simultaneous exposure of the fiber optic sensors to high temperature and high radiation fields
has been designed, and fabrication is currently under way.

The high temperature test device is adapted from in-core furnace equipment licensed for use in
TRIGA research reactor facilities in the early 1970s (Nuclear Regulatory Commission licenses
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R-38 and R-67). Device irradiations and post-test analysis will be performed at the TRIGA facility.
Although the TRIGA environment can vary significantly from that expected in the proposed VHTR
and other advanced reactor designs, the flexibility of operation, ease of startup, and sample
accessibility make it ideal for initial component testing.

3.1. Objective

The proposed work will enable development of a highly reliable, distributed fiber optic
temperature and fluence sensor network operable under high temperature/neutron fluence
conditions and located throughout the reactor core (axial and transverse dimensions).

The project scope encompasses fabrication of the sensor hardware, test article design and
fabrication to support in-core testing, sensor hardware demonstration at a university TRIGA
research reactor (URR) facility, 3D modeling of the NGNP/VHTR configuration and scaling from
the TRIGA test environment to the anticipated VHTR operating conditions.

The corresponding temperature/neutron field map reconstruction techniques and optimization of
in-core detector positioning to minimize uncertainties will also be performed. The advantages of
real-time in-core monitoring will be illustrated.

3.2. Background

3.2.1. VHTR In-Core Environment

The very high temperature reactor (VHTR) is considered one of the possible designs for the next
generation of nuclear reactors. The proposed Next Generation Nuclear Plant (NGNP) will be a
full-sized demonstration VHTR. The development of instrumentation that can function in the
unique environment inside the reactor was identified as a principal technical risk to the NGNP.[1]

Table 1. Normal operating conditions of a VHTR

Temperature VHTR In-Core Environment

Coolant Inlet temperature 490° to 600°C for prismatic cores,
350°C for pebble bed cores
Coolant Outlet temperature | 900° to 950°C

Max fuel temperature 1250°C to 1400°C
Coolant pressure 7 MPa for prismatic cores,
9 MPa for pebble bed cores
Peak neutron fluence* 1.7E20 — 1.67E21 [n/cm?] over 1 year

*The peak neutron fluence is the expected fast fluence (E>0.1 MeV) for reactor internals which
receive the most dose, namely the fuel and the inner reflector.

Instrumentation is needed to measure temperatures, neutron fluence, and the coolant flow rate.
The high temperatures present in a VHTR during normal operation make it a challenging
environment for sensors. Developing sensors that can that can withstand the temperatures
present at the core outlet for an acceptable period of time will be a challenge.[2]
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Sensors that are capable of measuring the high-temperature coolant flow will also need to be
developed. Being able to accurately measure coolant flow is especially important a graphite
block prismatic gas-cooled reactor where radiation-induced graphite deformations would block
coolant channels.

Finally, sensors are needed that can measure the neutron flux in the reactor. The in-core flux is
not significantly harsher than what is found in conventional reactors, but could pose a challenge
as the radiation measuring instrumentation must be able to withstand the harsh temperature
environment as well. Table 1 summarizes the normal operating conditions of a VHTR.[3,4,5]

In the proposed designs for the NGNP, the core is cooled by high-pressure helium. Reactor
instrumentation must be able to withstand these high pressures (shown in Table 1). Additionally,
any impurities in the coolant, as those summarized in Table 2, could raise material compatibility
issues with instrumentation.[6,7,8]

Table 2. Impurities in historical gas-cooled reactors*

Reactor H» H,O CO» CcO CHg4 N> O
Dragon 2 0.1 <0.04 1.2 0.3 0.3 N/A
Peach Bottom | 10 ~0.5 <0.5 0.5 1.0 0.5 N/A
AVR 30 3 10 10 - - N/A
Ft. St. Vrain 2-7 <1l 0.5-3 1-10 0.1-0.8 | N/A N/A
HTTR <3.0 <0.2 <0.6 <3.0 <0.5 0.2 <0.04

*|talicized values are in ppmv, while the rest of values are in pressure units (Pa).

The sensors could also be affected by the graphite dust that is expected to be present. Graphite
dust is primarily an issue in pebble bed type reactors. A test size pebble bed reactor core is
projected to contain about 10-50 kg of dust. Dust in prismatic core would be at least an order of
magnitude less and would be deposited unevenly around the core.[6,9]

Of final concern are anticipated transients and accident conditions. In-core instrumentation would
not be expected to survive accident conditions, but they are nonetheless presented for
completion. Temperature is the primary attribute of concern during accident conditions.

In most accident conditions, fuel temperatures are not expected to exceed 1600°C.[4,10,11] Of
additional concern would be the depressurization and air-ingress accident. This would result in
a drop to atmospheric pressure and complications as a result of air entering the core.

3.2.2. Candidate Sensors for VHTR In-Core Flux and Temperature

There are several sensor types which can be used in the VHTR core. The high-temperature and
high-radiation environment present significant challenges to sensor design and operational
reliability characteristics.

The desire to use the sensors inside the VHTR core also places restrictions on their size. The
primary candidates for in-core neutron detection are fission chambers, self-powered neutron
detectors (SPNDs), and fiber optic sensors.

In-core fission chambers have been developed for use in French fast breeder reactors. In core
fission chambers have primarily been used during startup and shutdown, when counting rates
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are too low to use detectors under the vessel. They have also been used during core loading to
closely monitor reactivity.

Fitting the necessary electronics into a package small enough to be used inside the core can be
difficult; however, all engineering challenges for the use of in-core fission chambers in sodium
fast reactors have effectively been solved, but such reactors only operate at about 600° C. In-
core fission chambers are also used in the HTTR, but, once again, the temperatures do not
exceed about 600° C.[12,13]

Self-powered neutron detectors are advantageous because of their simpler electronics.
Generally speaking, fission chambers are more accurate and sensitive than SPNDs. The
advantages of SPNDs are their reliability, robustness, small mass, small size, and small power
requirements.

Work has been done regarding the feasibility of using SIC SPNDs gas turbine-modular helium
reactors. Research found that such detectors could not survive the 850°C coolant temperatures
or the fast fluence present in the core.

To mitigate these problems, the sensors must be placed in the central reflector, where the
temperature is lower and the neutron spectrum is softer.[14,15]

The final candidate for potential use in in-core neutron measurements is a fiber optic based
sensor. The use of fiber optic sensors for neutron flux measurements has not been proven to the
extent of other the other detectors, namely SPNDs and fission chambers.

Initial research has shown that such fiber optic sensors could measure gamma flux as well as
thermal, epithermal, and fast neutron fluence, and operate at temperatures up to 720° C. These
sensors are currently capable of providing neutron and gamma measurements once every 18
seconds.[16,17]

The primary candidates for temperature detection are specialty thermocouples and fiber optic
sensors. Thermocouples exist that are capable of operating at temperatures above 1000° C. The
HTTR uses N-type thermocouples (Nlcrosil-Nisil) to measure coolant temperatures of 1100° C.
Fiber optic sensors also exist which can be used as distributed temperature sensors.

Initial research has proven the use of such sensors to measure temperatures up to 850° C with
a spatial resolution of 1 cm. The distributed nature of the sensor provides a significant advantage
over the point reading that is generated by a thermocouple; however more research is needed
to develop fiber optic sensors that could operate at the temperatures found inside a VHTR
core.[18,19,20]

3.2.3. Fiber Optic Temperature/Neutron/Gamma Mapping for VHTRs

Luna Innovations has previously demonstrated the key technical elements required to develop
a highly distributed fiber optic temperature, neutron fluence, and gamma flux mapping system
for the VHTR environment.

Key elements shown in previous tests include:
e Fiber survivability in very high temperatures (>1000°C),

e Fiber survivability in high-radiation environments (2x101° n/cm? and 87 GRad),
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e Distributed temperature measurement using the Rayleigh backscatter technique,
e Measurement of neutron fluence using single point optical sensors.

While previous tests successfully demonstrated fiber performance under each condition
independently, limited combined environment testing has been conducted.

Sensors require longer duration testing at combined high temperature, high radiation conditions
with real-time distributed measurement of neutron fluence to be qualified for VHTR service.

Standard optical fiber degrades rapidly at temperatures above 800°C. Specialty fibers and
coatings that exhibit orders of magnitude improvement in useful fiber life relative to standard fiber
at temperatures exceeding 1000°C have been developed and demonstrated for distributed
temperature measurements with operational temperatures up to 1100°C.

Standard optical fiber has also been shown to darken, or brown, in the presence of relatively low
gamma fields.

Survivability of specialty fibers and low reflectivity fiber Bragg gratings (FBG) in very high neutron
and gamma fields has been demonstrated using the novel Luna Innovations fiber optic sensor
system.

Low reflectivity (5%) gratings were exposed to 2x10'° n/cm? (>1 MeV) and 8.7x10'° Rad over a
60-day test. The FBGs were still functional at this dose level and showed excellent signal to
noise ratios.

Typical FBG sensors are difficult to fabricate in fibers that have robust coatings necessary for
high-temperature environments. Luna Innovations has developed capability that enables highly
distributed temperature measurement using the intrinsic Rayleigh backscatter (RBS) signature
that is present in all optical fiber.

This approach has been demonstrated using metal-coated fiber (i.e. gold, nickel, or other
coatings currently being investigated) to obtain temperature measurements at 1 mm intervals
along the fiber at temperatures up to 850°C, and in high-radiation environments; long-duration
testing of the fibers under combined high temperature/high radiation environments has not been
completed to date.

The result of continued development of FBG sensors that take advantage of RBS will be robust,
environmentally tailored sensors available at greatly reduced cost.

Experimental observations of FBG sensor performance indicate a predictable sensitivity to
neutron and gamma radiation. Using passive, non-scintillating, optical transducers previously
developed, point sensors have been used to measure both neutron fluence and gamma flux in
real-time.

This work indicates that contributions from neutron energies in the thermal, epi-thermal, and fast
bands can be discerned. Initial neutron fluence monitors have shown an error of only 5% at a
total fluence of 4.5x10%7 n/cm?.

Accuracy can be further improved by correcting for gamma cross-sensitivity. The current work
will demonstrate distributed neutron and gamma sensing capability.
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4.High Fidelity Modeling Approach

4.1. 3D VHTR/NGNP Configuration Model

To create advanced nuclear energy systems it is desirable to have a high fidelity modeling-based
design development that relies on simulating features of the entire life cycle of the system before
actual physical prototyping - from concept development to detailed design, prototyping, and
safety analysis. A 3D whole-core exact-geometry model of a VHTR hexagonal-block
configuration with a detailed component representation has been developed and implemented
for calculations with MCNP/MCNPX and Serpent.[1] Earlier benchmark studies validated
applicability of the modeling approach to correctly represent design features and performance
characteristics of HTRs.[2,3]

The model is based on the NGNP pre-conceptual design features. Figure 1 illustrates details of
this model. The model color scheme demonstrates the ability to quantify physics characteristics
while varying properties per block. The model allows tracking environments in fuel and coolant
channels. The sequence is being implemented as MatLab shell that will later be transformed into
a stand-alone auxiliary module.[2] The applied modeling approach and tools have been validated
in previous efforts.

Unique
Assemblies

Control
Rods

Unique Axial Layers

1/6 Periodic .
Symmetry g

Fig. 1. Reference VHTR model with fuel and coolant channel neutron field tracking.
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To capture and visualize performance characteristics, the detailed 3D maps are being produced
at each block location as shown in Fig. 1 for a sample configuration. These maps allow for
tracking of the HTR core loading patterns, in-core sensor responses, control schemes, fluence
distributions, power peaking, and etc.

A sample fluence map is shown in Fig. 2. Color and size of each dot correspond to variations in
values of performance characteristics.

Unique
Assemblies

Unique
Axial
Layers

Fast Fluence Map

1/6 Periodic y
Symmetry -

Fig. 2. High fidelity VHTR modeling for 3D mapping — sample VHTR fast fluence map.

Figure 3 provides an example of the developed 3D high fidelity approach to identify, track and
visualize power hot spots in a HTR core during its lifetime. In this case, a hot spot range has
been selected so that not only the true max power peaking location can be identified and
visualized but also values in some proximity to the maximum.

Simulations of the reactor operation over 12 years reveal 3D migration of the hot spot locations
within the HTR core (per block). From the perspective of tracking irradiation histories per block,
these migration effects are important to identify blocks approaching their lifecycle limits due to
radiation damage effects.

Based on the 3D performance maps for HTRs it is possible to determine safety characteristics,
sensor locations, as well as optimize control and monitoring strategies. The optimization
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objectives could include requirements to minimize numbers of needed in-core sensors, sensor
locations, identify optimum control scenarios to maximize operational time and fuel utilization
efficiency and others. These 3D maps also vary as a function of fuel type. The HTR cores fueled
with LEU-, Th- and TRU-compositions exhibit different power production distributions within their
respective core configurations.
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Fig. 3. In-core hot spot identification and evolution during the VHTR operation lifetime.

o+ cemerawaromes |UNAw- (@) Eiigrey NEWR  GNL

Hains trasgy Usevaindy Proggasn. oo Mafional Loborotory




High Fidelity Modeling Approach

4.2. Image Reconstruction Applied to 3D Flux Data

42.1. Test Problem

A reference flux distribution was generated with a 3D mesh tally. The dimensions of the mesh
tally are given in Table 1. A finer mesh tally was also generated with MCNP and applied within
the project.

Table 1 Mesh Tally Data for a Reference Flux Distribution

Mesh Tally Parameter X y z
Total number of bins 200 | 200 | 24
Mesh cell dimensions [cm] 3 3 46.25

In both 2D and 3D test problems, random and grid placed sensors were considered. Since it is
assumed that the fiber optic sensors will span the full length of the core, a grid or random sensor
arrangement was generated for a single xy slice, then this arrangement was used for all axial
levels of the core.

Since the interpolation scheme used was mesh based, the placement process was analogous
to generating a 2D mesh for a single xy slice and extruding it into a 3D mesh over the whole
core. Figure 1 illustrates this point. Sensors are located on the vertices of the mesh. The meshes
were generated in Matlab by Delaunay triangulation.

Many of the figures of merit used to assess the accuracy of the reconstruction methods are the
same for 2D and 3D cases. Since the overall goal of the flux reconstruction is to pinpoint hot spot
location, the primary figure of merit considered was the error in the predicted hotspot location.
This was quantified using an L-2 norm:

norm of error in hot spot location = |h h

reconstructed ' ‘actual

2 ’

where h
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4.3. Emulation of VHTR Conditions in TRIGA

Emulation of the VHTR conditions requires three criteria to be met: the neutron energy spectra,
operational temperatures, and the environment of the TRIGA test (including radiation fields,
mechanical characteristics, etc.) and the VHTR conditions must closely match or be scalable
from TRIGA to VHTR

At the experimental proof-of-performance stage of the project, the Texas A&M University’s
TRIGA (Training, Research, Isotope Production, and General Atomics) Mark | research reactor
with a nominal operational power of 1MW is being utilized to emulate operating conditions in
VHTRs.

Because this is a light water reactor operating at much lower operational temperatures than
VHTRS, a specialized test device is required to emulate the VHTR high temperature conditions.
The sensor test assembly is planned to be irradiated to fluence levels of 2x10%° n/cm? or higher
and operate at 1000°C. This will provide the basis of supporting the use of the fiber optics within
a reactor environment. A high temperature test furnace has been developed to achieve this
goal.[4]

The furnace design is an adaptation of the original General Atomics furnace developed in 1970s
for HTR fuel testing in TRIGA reactors. The overall TRIGA setup configuration of the experiments
is shown in Fig. 1.

Water level

Pool boundary
(liner wall)

Qut-off core portion
of the sensor assembly

In-core portion
of the sensor assembly
(high temperature furnace)

TRIGA Core

Fig. 1. TRIGA-based high temperature testing assembly.
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There are significant space constraints on developing experiments within the reactor core, such
that a larger furnace that could be used to harden the thermal spectrum becomes unfeasible.
Using an external beam port for this purpose is also impractical due to the low neutron fluence
and mechanical difficulties of operating the beam port for long irradiation periods.

Placing preferential absorbers to focus the desired spectrum reduces the fluence rate such that
the required fluence levels will not be achievable within a single year timeframe.

Thus, the neutronics environment of VHTRs will require scaling and equivalence analysis to
relate experimental results to the VHTR operating conditions.

The high temperature furnace will be inserted into a designated location of the TRIGA core.
Figure 1 shows the overall layout of the furnace assembly including the in-core portion of the
sensor assembly tube (void tube) and neighboring fuel elements.

The furnace will spend approximately 218 days in the TRIGA reactor core. Although the TRIGA
does not operate continuously (24/7), the furnace will be on and data will be collected from the
fibers when the reactor is in operation.

This means that the power will be varied over the course of data acquisition, and that the fibers
will be subjected to significant thermal cycling that would not be present under normal operating
conditions if installed in a VHTR.

This cycling could lead to early failure of the fibers that may not be seen without the cycling.
Details of the complex irradiation schedule will be accounted for at the scaling stage of the data
post-processing when TRIGA results will be related to VHTR conditions.

Some of the design challenges include: operation at 1000°C without inducing incipient boiling;
temperature of the coolant adjacent to the furnace assembly must be maintained below the
Technical Specification’s Limiting Safety System Setting (525°C), and design compliance to the
10 CFR Part 50.59.

Figure 2 shows cross-sectional view of the overall layout of the developed high temperature
furnace assembly.

There are four major components.
e The graphite heater provides the thermal heat required to attain 1000°C.

e The addition of two concentric niobium thermal shields minimizes the needs for active
heat removal systems.

These shields are supported within aluminum housing to provide a pressure boundary
for vacuum conditions.

e The assembly is contained within another tube used for displacing the water in the
TRIGA experimental location.

Additionally, this outer tube is pressurized above the hydrostatic pressure of the surrounding
water to prevent water leakage into the furnace assembly.
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Fig. 2. High temperature furnace emulating VHTR conditions for advanced sensor testing
in TRIGA reactors.

High fidelity computational continuum mechanics (CCM) simulations of the furnace assembly
performance characteristics are the basis for the selected design parameters. Initial sizing
constraints were based on geometrical restriction within the reactor lattice and shield size and
number were determined with 1D heater transfer calculations.

The high temperature furnace assembly has been designed based on the results of high fidelity
simulations using STAR-CCM+ and MCNP.[1,5]

Figure 3 provides the results of the furnace thermal performance simulations with STAR-CCM+.
As can be seen, the design is capable attaining high temperatures at the sensor location while
restricting outside temperatures to near ambient levels. The high temperature region is
completely shielded from the TRIGA in-core environment and does not result in elevated
temperatures outside of the furnace assembly.

Thus, it has been demonstrated computationally that the developed test assembly design can
attain the desired 1000°C-levels at the sensor location without causing an increase in
temperature levels outside of the furnace assembly void tube.
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Fig. 3. Thermal performance of the high temperature furnace simulated with STAR-CCM+.

Although high temperatures are attainable, the neutronics conditions of VHTR cores are more
difficult to emulate in the TRIGA reactor core because of the inherent physics features. The
TRIGA Mark | fuel design uses a zirconium hydride metal lattice which places moderator directly
in the fuel. Zirconium hydride comprises 70% of the fuel meat mass, diminishing the fast
spectrum.

Figure 4 shows the resulting differences between the neutron spectra in the TRIGA core and the
VHTR spectrum. The TRIGA Mark | fuel design uses a zirconium hydride metal lattice which
places moderator directly in the fuel.
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Fig. 4. Neutron energy distributions in the TRIGA test location and in the VHTR core.
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Figure 5 shows the local heater-to-VHTR flux ratios. None of the energy regions yields flux ratios
equal to unity, although the intermediate energy range exhibits the least variation between
spectral conditions in these two reactors.

Flux Ratio, Graphite heater to VHTR

1E-9 1E-6 1E-3 1EO0
Energy (MeV)

Fig. 5. Scaling and potential spectrum tailoring needs to relate TRIGA test results to VHTR
in-core conditions.

Such ratio sets based on flux, fluence and reaction rate calculations will have to be used to
determine performance levels that would be equivalent to the VHTR core environment from the
corresponding values obtained in the experiments with the high temperature furnace installed in
the TRIGA reactor core.

The observed differences between neutronics conditions in TRIGA and VHTR cores will require
further scaling and equivalency studies to establish relationships between experimental data and
anticipated performance characteristics.

4.4. Safety Evaluations and Validation Program

The design basis for this experimental device is the possibility of water ingress and subsequent
steam rupture. Due to the proximity of the furnace to the fuel, roughly 0.4 in, this event could
result in fuel cladding damage. To prevent this incident, various measures were taken: a double
enclosure of 0.065 in Al-6061 T6 tubing is used and the outer enclosure is pressurized to 400
kPa (the hydrostatic pressure is about 200kPa) with UHP helium.

Additionally, material usage and temperatures are limited on the basis of reducing the thermal
storage within the furnace. Temperatures are limited on the basis that there is a perfect amount
of water, such that it all completely absorbs all the thermal energy and converts to steam, the
volume required at the failure pressure is equal to open volume of the furnace. This includes the
partial pressure of helium.

This leads to the assumption that the graphite heater shuts off. There are pressure switches on
the furnace to assure proper performance.

—~e

o+ cenenar aromes | UNAy- (@) Eiigioy “NEW  TNL

gy Usawady Proggacs o Nofional Lborotory




High Fidelity Modeling Approach

4.4.1. Thermal Conditions

Validation efforts of neutronics and thermal simulations were completed following operational
tests of equipment and with experimental data from the TRIGA reactor. These included validation
efforts of radiation modeling and fluence measurements.

The first series of validations were completed for radiation modeling of the graphite heaters.
Each heater was constructed to allow for power lead contacts with a variable current power
supply and placed in vacuum of 10 torr.

Figure 1 shows the mesh of the graphite heater. Mesh refinement studies concluded this mesh
would be suitable.

radiation simulations compared to the actual graphite heater.

A distributed fiber optic test system will be used to provide data for validating the thermal
modeling. Using an Optical Backscatter Reflectometer (OBR), the distributed temperature within
the high temperature test device can be measured.

The OBR is capable of measuring temperature every 0.5 cm down the length of an attached
optical fiber up to temperatures of 850°C with a 0.1°C resolution. Fiber survivability has been
shown above 1000°C.

Table 1 outlines the primary results of the validation efforts. The largest errors resulted in
determination of the heat flux from the graphite. This is attributed to lack of modeling of the
thermocouple contacts and from contact resistances of the supports for the graphite heater and
power leads.

The reflection of radiation from the surface of the vacuum chamber was also neglected, but the
surface temperature of the chamber and the environmental temperature of the model were
equivalent in all simulations.

Additionally, during the process of heating the graphite, system resistivity was determined with
a multimeter and applied to the model as shown in Fig. 2. Inconsistent coupling between the
leads and power supply required experimental validation of values applied in models for each
heater that was tested.
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Table 1. Comparison of STAR-CCM+ Values to Experimental Values.

Current Surface Measured | Heat Flux | Power Temp. Error
(amps) Temp (°C) | Temp (°C) | (W/m?) Error

3.50 39.74 37.7825 82.44 -0.0944 0.0063
4.50 47.17 46.4325 134.83 -0.0919 0.0023
6.00 60.22 57.8975 236.13 -0.0948 0.0070
8.00 79.77 78.4425 411.73 -0.0981 0.0038
10.00 100.47 100.6 632.5 -0.0948 -0.0003
12.00 121.55 121.18 898.15 -0.0862 0.0009
13.50 137.32 135.4875 1126.97 -0.0849 0.0045
15.00 152.95 150.53 1381.29 -0.0876 0.0057
17.00 173.46 169.1375 1760.26 -0.0896 0.0098
18.50 188.55 182.6175 2074.49 -0.0887 0.0130
20.00 202.72 194.7725 2399.59 -0.0936 0.0170
21.25 215.48 205.822 2717.25 -0.0875 0.0202
23.00 2321 220.4275 3170.96 -0.0799 0.0237
24.50 246.03 232.18 3587.32 -0.0800 0.0274
26.00 259.68 243.9025 4028.76 -0.0760 0.0305
6.00 60.22 59.5475 236.13 -0.0948 0.0020
10.00 100.47 101.23 632.5 -0.0897 -0.0020
17.00 173.46 171.2675 1760.26 -0.0865 0.0049
26.00 259.68 246.9625 4028.76 -0.0907 0.0245
28.00 277.42 262.15 4656.07 -0.0943 0.0285
30.00 294.68 276.7925 5327.23 -0.0959 0.0325
32.00 311.48 290.3725 6041.94 -0.0959 0.0375
34.00 327.84 303.8825 6800.1 -0.0849 0.0415
36.00 343.81 317.1455 7601.9 -0.0842 0.0452
39.00 367.08 338.59 8887.66 -0.0755 0.0466
41.00 382.2 348.185 9801.78 0.0196 0.0548
44.00 404.39 365.8425 11262.82 0.0531 0.0603
46.00 418.92 376.8275 12300.6 -0.0011 0.0648
47.50 429.72 385.5925 13144.9 -0.0172 0.0670
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Fig. 2. Resistivity as a function of average graphite temperature.

Validation efforts continued following the completion of the furnace fabrication. The efforts
included bench top testing of the furnace in an open pool environment. The parameters that are
compared with are: furnace, void tube, and heater surface temperatures.

4.4.2. Heater Stress Testing

The controller for the furnace will be operated with LabView. This allows for control of the power
supply, either manually or automatically, given a desired temperature for any given thermocouple
input. Various thermal stress/transient tests to demonstrate heater fabrication were completed.
These showed satisfactory cementing of thermocouples and power leads.

Heater stress testing has been successful for the most severe of possible transients, although
cooling transients were limited in scope. Figure 3 illustrates transient temperature fluctuations.
Maximum temperature condition did not fail during steam rupture evaluations.
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Fig. 3. Sample temperature transient.
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4.4.3. Physical tests

Spatial continuous instrumentation has been developed in recent years to measure temperature
in a single dimension. Unlike other measurement systems that measure at finite location, fiber
optic technology allows for such continuous measurements.

Figure 4 illustrates continuous measurements via the distributed fiberoptics test system.
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Fig. 4. Continuous temperature measurement showing heated and cooled regions.

Inherently, any material structure will expand during temperature changes within the material.
Fiber optic measurements take advantage of this phenomenon by using spectral backscatter
analysis to determine the strain induced within the fiber as a result of this expansion. It is then
known, that any geometry change in the fiber will induce a change in the strain in the fiber optic.

It was investigated whether this greatly affects the measurement accuracy and to what extent
the vibrations might affect coupling joints. It was shown that the measurement was particularly
affected by certain vibrations, those specific in the “fan” range, and the magnitude of those
vibrations induced further error.

The fiberoptics sensors are expected to be capable to reliably operate within the reactor vessel
internals. The most desirable placement locations of interests are within the core itself. Emerging
fiberoptics performance issues in these environments need to be evaluated and quantified.

Under nominal, steady-state conditions, there is a significant amount of coolant flowing through
coolant channels and assemblies. There are massive 10MW pumps. These and other system
features will contribute to mechanical vibrations. With the measurement systems distributed
throughout the reactor, all these vibrations can be expected to impact the fiberoptics systems. It
is the object of this study to determine, based on the operating conditions of the TRIGA facility
and other supporting equipment, on whether vibration-induced measurement errors can be
expected, tolerated, or even avoided.
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The effects of various components, present during the tests, are examined. These components
are the turbo and scroll pump, computer, and power supply. The computer and power supply
do have a fan and it is suspected that these are enough to alter the measurements. Figure 5
illustrates effects due to vibrations on the return losses and temperature distributions.
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(a) Vibration effect on the return losses at the fiber end.
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(b) Vibration effect on the temperature distribution measurement.

Fig. 5. Sample fiberoptics performance effects due to vibrations.
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45. Conclusions

Results of the high fidelity simulations indicate that the furnace assembly should be capable of
emulating VHTR temperature conditions in TRIGA experiments. The furnace allows the sensor
location to reach 1000°C-levels while being completely shielded from the TRIGA core
environment. Calculations indicate that no active heat removal systems (i.e. via flowing gas) will
be required to maintain temperatures below the TRIGA limiting safety system setting (525°C) at
the outer surface of the furnace void tube. While the VHTR temperature environments can be
emulated directly with TRIGA experiments using the high temperature furnace assembly, the
neutronics conditions will require further scaling and equivalency analysis of the experimental
results of the TRIGA core to the expected VHTR operational conditions.
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5.Distributed Fiberoptics-Based
Measurement System

5.1. Preliminary Design of the Test Probe Housing

Figure 1 illustrates a feasible configuration for the test probe housing. The top and bottom close-
ups of the sensor locations show where either 3 of 4 quartz four bore tubes will hold the 3 different
kinds of sensing fibers near each other. The lower Swagelok fitting is for attachment to the test
housing, the upper Swagelok is for attachment to the lead out tubing. The niobium tube will be
sealed at the distal end (not shown).

Fiber to Readout System/

o

Swagelok Compression Fitting
-

-~
Sensor Locations =¥ Niobium Tube

Niobium Sensor Holder Fiber to Readout System

Sensor Locations

~

Swagelok Compression Fitting
. Niobium Tube

Fig. 1. Preliminary design of the test probe housing.

5.2. Fiberoptics Probe Design for Distributed Measurements

Luna has developed the sensor hardware design to support distributed measurements in the
project. The probe design is shown in Fig. 1. The design for the probe consists of several
sections: the lead, high pressure, and vacuum areas.

The lead section consists of twelve radiation resistant optical fibers housed in 20AWG fiberglass
sheathing. These are then bundled in 0AWG fiberglass sheathing. To protect the optical fibers
from the reactor pool, the bundle is housed in a corrugated stainless steel tube; this allows
flexibility while preventing water ingress. The lead section passes through a 3/8” NPT aluminum
fiber optic feed through. This will be tested up to 100 PSI for safety.
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The high pressure section follows the leaded section after the feed through. The twelve optical
fibers are bundled into four 20AWG fiberglass sheaths and the set of four is bundled in a 0AW(g
fiberglass sheath. At 3.5meters of optical fiber in this section allows TAMU to be flexible in
positioning the probe and can be used for different configurations. The bundle of optical fibers
enters a niobium tube that has a welded niobium 1/4”"NPT thread and is held in place with Miller-
Stevens 907.

412
3510
8524
10497
10712

sensar
housing

1x0 gouge

1/4" NPT : "
i fiberglass 378" NPT 12x20 gauge
sensor fifting shecthing pressure 1% 55 fimerglass
Herment feed-thru flexible sheathing
cap VT cap tubin 1x 0 gouge
< fibergloss 12x FC/APC
sheathing

Fig. 1. Design drawing of the distributed optical fiber probe (dimensions in mm unless
shown otherwise).

Next is the vacuum section, this consists of the niobium tubes and the sensors. The four bundles
of three optical leads are housed in side of the niobium tube and transition to the sensing fibers
at the top of four 4-bore quarts tubes. The niobium tube has been welded closed to provide a
vacuum barrier for the sensors.

The sensing fibers consist of a single temperature, neutron fluence, and gamma flux sensing
fiber each ~60.8m in length. Each fiber has been stripped of the protective coating due to the
coatings behavior in high temperature and radiation environments. This stripping however
makes fabrication difficult as it increases the possibility of breakage. The fibers have been
terminated to allow distributed monitoring close to the tip of the quartz 4-bore. The 4 quartz 4-
bores are held in place with ceramic wool to provide slight vibration protection. Figure 2 shows
the locations of the fibers and 4 bores inside the niobium tube.

Temperature Gamma
Sensing Sensing
Neutron Empty
Sensing

(@) (b)

Fig. 2. (a) Location of the optical fiber in a single quartz 4-bore, (b) location of the quartz
4-bores in the niobium tube.
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5.3. Fiberoptics Performance Monitoring

Luna provided a report to TAMU on several optical fiber health problems that could be seen in
the optical sensing fiber. This report provides examples for health monitoring while in-situ at
TAMU. These problems include: a break, a crush, and a splice. Examples of this are shown in
Fig. 1.
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Fig. 1. (a) A brake in the Temperature sensing fiber. (b) A crush in the temperature fiber.
(c) A splice in atemperature sensing fiber.

These results and conclusions are being incorporated into the independent fiberoptics
performance assessment report that will outline expected limitations, potential solutions and
further anticipated technology improvements as well as viability evaluations of fiberoptics uses
for in-core instrumentation applications.

5.4. Fiberoptics Data Acquisition Software

An auxiliary software package was developed to extract the neutron fluence and gamma flux
information from the radiation sensitive fibers. Simulated fiber data sets were used to develop
the algorithms for the sensing fibers used at Texas A&M University.

Figure 1 shows a screenshot of the simulated data and the corresponding radiation signal. The
top graph shows the reference and signal data gathered using an OBR. A clear radiation signal
is seen at a length of 14 meters in lower graph showing the calculated radiation effect.
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Fig. 1. Screenshot of the fiber radiation software using simulated data.
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Conclusions

6.Conclusions

Given the harsh environments of high temperature reactors, new in-core instrumentation has to
be developed. Existing approaches may fail prematurely in VHTRs. The report discusses efforts
to develop suitable advanced in-core instrumentation technologies and corresponding
experimental confirmation approaches for their performance in VHTRs via emulation of VHTR
in-core conditions in TRIGA reactors.
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Dr. Ayodeji B. Alajo | Nigeria Post-doctoral | VHTR/TRIGA model development and
researcher, scaling analysis tasks.
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Engineering

Eloura Durkee uU.S. Undergraduate | Test article design, fabrication, and
student, NSCR integration, VHTR/TRIGA model
Nuclear development
Engineering

Dr. Tom G. Lewis Il | U.S. Post-doctoral | System and sensor network modeling,
researcher, mapping and reconstruction, scaling,
Nuclear V&V
Engineering

Jesse Johns U.S. Graduate Test article design, fabrication, and
student, NSCR integration, experimental program
Nuclear
Engineering

Matthew Johnson u.s. Graduate Distributed sensor network mapping and
student, optimization
Nuclear
Engineering

Sathish India Graduate VHTR core operation characteristics

Lakshmipathy student, modeling algorithm development (core
Nuclear shuffling)
Engineering

Carl Mullins uU.S. Graduate Test article design, fabrication and
student, NSCR integration, hardware-software
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Engineering

Eric Myers uU.S. Health Physics | System diagnostics; neutron and gamma

sensor selection and validation of fiber
optics; characterization of overall fiber
performance
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Appendix

10. Appendix

10.1. Procurement and Fabrication Process
Void Tube, Aluminum Tubing, OD: 3.0", Thick: 0.083", Length: 12'

e Feedthroughs
0O TGCs

O Power, Solid sealing technology, http://www.solidsealing.com/

O  Fiber Optics, Supplied by Luna

O  Helium Flow x2, Swagelok, http://www.swagelok.com/

e  Aluminum block for grid plug
e Alumina spacer for furnace element
Furnace Element, Aluminum tubing, OD: 2", Thick: 0.049"
e Feedthroughs
0O TCs
e Nextel insulation.

e Conax Buffalo, http://www.conaxbuffalo.com/details.aspx?cid=T6&pid=T623

e Pave Tech., http://www.pavetechnologyco.com/design/thermo productindex.html

e Power, Solid sealing technology, http://www.solidsealing.com/

e Fiber Optics, Supplied by Luna

O Helium flow, Swagelok, http://www.swagelok.com/

Niobium Thermal Shields: $1500, Admat, http://www.admatinc.com/

Alumina baffles, Alumina Silicate possesses the properties that would be more fitting.
Piping/Flow Tubing

O Swagelok, http://www.swagelok.com/

O  Pressure relief valves, Spring Loaded and Power Operated
O Solenoid valves

O Power relief valves
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Appendix

Wiring and Thermocouples, K type, SLE
Computer Rack

Graphite heaters:

These were ordered from Poco Graphite. They have a plant in Decatur, Texas. Their
response was prompt and they were helpful with the material choice of the graphite,
which was chosen to be AXZ-5Q. The quoted price was: $2586.00 (all images were taken
some time after receipt). All heaters were visually checked.

Epoxy/Cement:

These were ordered from Cotronics. Shipment was swift, though the staff were not very
helpful with respect to questions about their materials. The packaging was neat and tight.
No apparent damage to the box.

—~e

o> cemerar aromes |UNAy- (@) Engrcy “INEW ML

Hains trasgy Usevaindy Proggasn. oo Mafional Loborotory




Appendix

10.2. Fiberoptics Testing
Failure modes

There are various failure modes available for the fiber optics. The fibers are inherently
fragile, so mishandling them can cause the ends of the fibers to inadvertently brake.
Avoiding this as the fibers are being put into place is paramount.

Moreover, the fibers can be subjected to various materials, environmental conditions, and
physical constraints that would further induce fiber degradation and failure.

Signs of various failures

How to determine that a fiber is about to fail, and by what mode. For example, water
ingress on the coupling reduces the return loss. A signal enhancement is noticed initially.

Mostly, the failures are mechanical, such that they would be induced in or outside of a
reactor environment.

Signal interference

Due to the inherent flexibility in the fiber optics, users of the measurement system will most
generally attempt to apply the fiber optics in unusual geometries, most generally to reach
locations that vintage measurement system would not reach.

Since light generally travels un-impeded in the fibers, users might become complacent in
the geometry of which the fiber measurement system is placed.

Therefore, quantification of various degree of bending should be done. When fiber optics
are bent, there may be some light loss due to the impinging photon on the surface
overcoming the index of refraction.

To conduct these tests, it is suggested that three phases of testing are done.

e First, the fiber would be calibrated normally and put into a relatively "straight"
geometry. Then a series of measurements are taken with the fiber bent, as not to
enforce curvature changes in the fiber itself, as various point along the
measurement path. The resulting changes in the measurements will be noted.
This will be repeated for various degrees in the curvature.

e Second, the fiber should be put into highly curved geometries, then calibrated.
After straightening out the fiber optic, then measurements are taken. This is to
ensure that the calibration point does not impede the measurement accuracy.

e The third phase would be to determine the number of bends, at various degrees
that would begin to vary the measurements at the end of a very long fiber.

Bending in the fiber can be read as strain, which can be incorrectly interpreted as
temperature difference. If | understand correctly, the fiber calibration should be performed
with the fiber in the correct configuration for the final application — e.g. if there will be bends,
then we need to calibrate with those bends.
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Appendix

Calibration after installation will be required at standard ambient temperature to provide a
baseline for subsequent measurements at elevated temperature.

The suggestion to perform some benchtop testing to determine hysteresis-type effects is
good — basically run some tests on straight fiber, curve it to simulate bending that could
occur during installation, then straighten it again and repeat the original tests to ensure
that the measurements have not changed (within measurement error).

Effects of vibrations

Due to the high velocity of Helium in the VHTR, vibrational effects will be fairly noticeable.
The testing of vibrational effects on the measurement integrity and fiber integrity should
be completed.

Testing can be conducted through mechanical means; for instance, with a pump or other
device attached to the measurement device or measurement location, or through venturi
in a flow field (generally used for pressure drop, but can induce eddy controlled eddies).

This can be used to replicate the expected flow oscillations in the VHTR during operating
conditions.

Fluence induced measurement error

Naturally, in a reactor environment, the fission rate density (prompt and delay/fission
product contributions) imposes the highest contribution to the gamma and neutron fluence;
therefore, the effects of activation products can be ignored, such as nitrogen-16
production.

However, shutdown conditions tell another story - though the fluence rate will be
significantly smaller.

Inherently, though, over time the measurements will begin to drift. This drifting will need
to be quantified and incorporated in the calibration to imposed proper operation and
accurate measurement. Since no other distributive system is available, either passive
systems, like iron wire or Cd/Au foil analysis, or active systems will need to be used for
validation purposes.

There currently are 3mm diameter fission chambers that may be used. They cost $18,000
for 10. These would provide excellent feedback as to the fiber performance.

Temperature effects on gamma/neutron measurements

There might be some alteration in the gamma/neutron measurement as a function of the
temperature of the fiber optic. This is inherent to the cross-section of neutrons in a material
changing as a result of the nuclei vibrations.

The composition and functionality of these fibers, however, is unknown - so the testing will
be done pretty much as a shot in the dark.

Conducting these kinds of tests will be through the use of manually varying furnace
temperature. Simply changing the temperature should not change the gamma or neutron
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fluence, so, in this regard, we can understand the temperature related effects of the
neutron/gamma interactions.

Operational temperature ranges

The upper temperature limit of the fiber optic systems would be important to determine.
This would help determine the instrumentation strategy.

Moreover, during severe accidents, it would be important to know that the fiber
measurements would not lose their validity if the temperature were to rise significantly.

The furnace can be removed from the reactor to do this test. The temperature limit is set
to prevent the total heat storage in the furnace to cause a steam rupture and to prevent
creep in the high pressure aluminum structure.

A short test would not be cause for any concern.
Chemical attack reference times

As stated by Luna, water and other alkalis attack the fiber optic and eventually render it
useless. Determining, under various temperature conditions, the length of time these
fibers are expect to last would be imperative to a safety analysis of their implementation.

For example, water ingress in HTRs that use water-secondary systems would possibly
cause degradation very quickly at the expected 488C inlet temperature conditions if the
encapsulation were impaired.

Time response

Testing the speed at which data can be reliably obtained is fairly important. Whether
transient conditions, albeit slow, can be accurately measured could lead to further
validation techniques.

Itis our understanding that this may not be possible with a single OBR, but having multiple
OBRs to measure at a given periodicity would, perhaps, suffice. This would not be do-
able for the current project.

An additional requirement is that the fiber optic reaches equilibrium quickly. Temperature,
gamma, and neutron response should be quick to allow for a "snap shot" to be captured.
The OBR does its measurement very quickly; however, computation and display of the
data is fairly lengthy. The OBR will not be an issue in this. It was determined that the
return-to-normal time for the temperature fiber exceeded 15 minutes when the fiber was
removed from a cold source.

Spatial Resolution

When producing measurement data for code validation and determining hotspot
information, the spatial resolution of the fiber optic is very important. This is the primary
capability of the fiber optic, so it is very important to have this feature documented.

Due to the nature of the Raleigh scattering, the phenomena of spatial discretization is
actually continuous. Interpreting how to define the spatial resolution then, might be a bit
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tricky. According to the OBR manual general resolution is +/- 10um over 30 m, the sensing
resolution is +/- 2cm. There is also a "data segment size" of 1.0 mm.

The testing of the spatial properties will be fairly straight forward, except in the case of the
neutron fibers. Temperature distributions are easily produced and manipulated. With the
proper measurements of the fiber and by applying various gradients, the spatial resolution
can be determined.

For the gamma fibers, shielding will need to be used in conjunction with high activity
sources. Using the La source against the dry cell may be an option. With the neutron fiber,
simply using the core is our only option. There may be some opportunities to use paraffin
or cadmium to force spatial changes. Even more so, determining thermal to fast fluence
ratios might be possible.

Calibration requirements

This is more important for the temperature fiber; ideally the furnace will not be shutdown -
just put into a low power state to prevent unnecessary thermal transients in the furnace.
The fiber may, with time, drift due to radiation induced re-structuring in the fiber. This will
change the strain parameters, surely, and therefore change the temperature measurement
as a result.

The proposed testing would be simply to add fibers during various intervals of the
irradiation period. This would introduce fresh, calibrated fibers to compare with the already
irradiated fiber optics. Since this would require a complete shutdown of the furnace, the
choice of re-calibrating the irradiated fibers will need to be made.

The choice to do this would allow for a new baseline to be established. Additionally, the
fibers can be compared at the cold iron condition. Conversely, not allowing for re-
calibration allows for comparison at operating temperatures and preserves a fluence
history of the calibration of the fibers. This will also introduce a determination of the
integrity of an initial calibration over the fiber life-time.
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10.3. VHTR Control Rod Modeling
10.3.1. Design Details

The design for the control rods was taken from the General Atomics design for the MHTGR.[1,2]
The control rods are modeled as an annular graphite matrix containing 40 wt% B4C particles.
The control rods are clad with Incoloy-800. The particles properties are given in Table 1.

Table 1 Properties of the B4C Pellets in VHTR Control Rods

Boron composition 90% B-10, 10% B-11
B4C kernel radius 100 ym

Graphite buffer coating thickness | 18 um

PyC coating thickness 23 um

Figure 1 provides the VHTR control rod geometry details as modelled in the present evaluations.

Fig. 1. XY view of the VHTR control rod geometry. The red material is He inside the control
rod channel. The blue shows the graphite block material.

The B4C kernels used in the burnable poison compacts were the same as those in Table 1 except
natural boron was used. Determination of the optimal burnable poison loading in the core for a
given reloading scheme is a sizable project in and of itself and, as such, it was left outside the
scope of the present analysis. This project has considered nominal loadings necessary to yield
critical configurations. B4C particle packing fractions around 3% were found to be sufficient.

10.3.2. References

1. Wright, J.K,, Lloyd, W.R. Analysis of Potential Materials for the Control Rod Sleeves of the
Next Generation Nuclear Plant. INL/EXT-06-11614 (2006).

2. “Preliminary Prismatic Coupled Neutronics Thermal Fluids Benchmark of the MHTGR-350
MW Core Design”, Draft (December 2010), Idaho National Laboratory (2010).
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3D High-Fidelity VHTR Modeling for Performance
Optimization
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3D High-Fidelity VHTR Modeling for
Performance Optimization Simulations:
Monitoring and Operation

Matthew Johnson, Tom G. Lewis |II,
Pavel Tsvetkov

Department of Muclear Engineering
Texas A&M University

Tuesday, June 28, 2011
Research by U.5. DOE NEUP-Sponsored Students
2011 ANS Annual Meeting

TEXAS AxM#*ENGINEERING

A Distributed Fiber Optic Sensor Network for Online 3D Temperature
and Neutron Fluence Mapping in a VHTR Environment
Texas A&M University, Luna Innovations, General Atomics, INL

The 3-year project will provide three key deliverables:

1. produce a highly distributed fiber optic network capable of 3D
temperature and neutron fluence mapping in the VHTR
environment;

2. demonstrate reliability and performance of the proposed
sensor network; and

3. provide a computational model to evaluate expected sensor
performance and lifetime in VHTR environments, to scale
experimental results to VHTR conditions, to optimize sensor
network, and to assess VHTR performance taking advantage
of the 3D fiber-optics imaging and performance
reconstruction.
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3D High-Fidelity VHTR Modeling Objectives

Predict core behavior

Develop methodologies for 3D flux (and
power density) reconstruction

Predict hotspots and off normal
conditions with a limited amount of
sensors

Reconstruction will rely on knowledge of

the expected core behavior, hence the
current focus on high fidelity modeling

endix

TEXAS A=M#*ENGINEERING

Benefits

Predictive evaluation of potential failure
modes for in-core components

Hot spot management asssitance

Determine the fluence in reflector
blocks, especially the replaceable inner
reflector

Assistance in determining lifecycle limits
and longevity of in-core components
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Methodology

+ Using well tested codes:

— Current analysis is done in mcnpx 2.6.0
and its built-in coupling to CINDERS0

— Monte Carlo methods are robust for VHTR
modeling and reduce challenges
associated with geometry and cross
sections processing for advanced systems.

— Pre-processing is automated via scripting.
Input files are generated with a Python
script, which makes the input easier to
manipulate and understand

TEXAS AxM#* ENGINEERING

High Fidelity MCNP model of NGNP core

+  Full core is modeled with 1/6 periodic
symmetry in materials. The symmetry in
materals is used to reduce the number of
bumnable regions and therefore memory
requirements during fuel depletion runs.
The full core is still modeled so, for non-
burmup runs, the effects of an uneven
control red insertion can be modeled.

+ Detectors are modeled using cell flux
tallies. This allows for fluxes to be tallied
for each unique fuel block. TMESHes are
usad to visualize the fundamental mode
flux distnbutions
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High Fidelity MCNP model of NGNP core

WK Model Gonand Minck
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TEXAS AaxMA*ENGINEERING

Phase | Modeling Assumptions/Limitations

« No heat transfer phenomena captured - core is
isothermal (provisions can be made to couple to
CFD simulations if needed)

« No control rods or burnable poison is used
— No criticality search performed during burnup steps

+ A single material is burned for each fuel block

« TRISO particles truncated
at fuel compact edges

« These assumptions will be
re-evaluated and relaxed in
Year 2 and 3 of the project
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Core lifetime

k_zresults for a representative
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3-ring 600 MWth core 14
— 15% ennched Uranium fuel 135
— 25 vol% packing fraction of 13
TRISO in fuel compacts =

— Kemnel radius of 150 pm 137
Core lifetime of ~17 months 115
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Hot Spot Migration and Localization with the Core
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Peaking Factor Evolution during Operation
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Single Block Peaking Factors

Thermal flux hot spot localization
(0<E<1.0E-5 MeV)

Fast flux hot spot localization
(0.1<E<5 MeV)
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Time stepping during burnup runs
representing reactor operation conditions

« Acknowledged as a source of error,
especially given the sometimes abrupt
changes in hot spot locations

« Currently computational resources restrict
fidelity of kcode intermediate calculations

- Possible solutions: alternative codes
(Serpent, MCNP5 + Monteburns or MOCUP);

access to faster computational clusters (ex.
INL HPC)

TEXAS A&M* ENGINEERING

Graphite Fast Fluence in Estimation

* Compared against the GA report
* Fast fluence is defined for E = 0.1 MeV

16.3 Month Fast Fluence [nfcm*2]

min 6.31E+20
max 1.77E+21
mean 130E+21

Max 36 Month Fast Fluence [n/icm®™2]
16 month extrapolated GA report

3.90E+21 1.7E+21
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Conclusions

3D high-fidelity medeling approach is being developed for
applications in performance simulations studies targeting monitoring
and operational aspects of VHTRs.

The modeling approach allows for development and applications of
in-core 30 performance map reconstruction techniques accounting
for novel direct 30 in-core measurement approaches for extreme
environments of HTRs.

Presented sample results showed 3D mapping capabilities of
performance charactenistics.

The simulation methodology and reconstruction techniques are
being developed for sensor array optimization studies targeting in-
core 30 monitoring options.

TEXAS A«M+ENGINEERING

Conclusions

Key milestones:

Development of theoretical approach to estimalting neutron fluence
distributed along the length of the sensing fiber.

Test furnace engineering design with reactor safety board approval.
Fiber optic sensor design and completion of out-of-core laboratory testing.
Test furnace fabrication, assembly and completion of out-of-core testing.

Delivery of sensor strings with connectors to university; installation in test
furnace.

Assembly installationin TRIGA and completion of irradiation test matrix.

3D VHTR and TRIGA modeling with representation of distributed sensor
network elements, performance reconstruction and optimization of the
network design

Modeling validation using test measurements and scaling to the
protoiypical WVHTR conditions.
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Distributed Sensor Networks for Online 3D In-Core
Monitoring
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Distributed Sensor Networks for Online 3D In-
Core Monitoring in VHTR Environments

Overview

High-Fidelity Modeling Approach
Emulation of VHTR Conditions in TRIGA
Validation Efforts

Current Status

Conclusions

i NUCLEAR ENGINEERING

=

= = ||

]

Distributed Sensor Networks for Online 3D In-
Core Monitoring in VHTR Environments

Overview

Small and Medium Sized Advanced Reactors
Safety, Reliability, Autonomity, Economics, ...

Reobust in-core measurement systems capable to
provide characteristic operational information

Longevity of sensor performance
Real time operation

Ability to predict hot spot formation conditions
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Distributed Sensor Networks for Online 3D In-
Core Monitoring in VHTR Environments

g
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* In-core monitoring
challenge — reliable long-term
cperation in extreme high-
temperature high-fluence
environments

+ Use of fiber optic sensors -
direct in-core 30D monitoring
for in-core management
(loading, hot spots,
temperature and fluence
maps)
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- Distributed Sensor Networks for Online 3D In-
;I Core Monitoring in VHTR Environments
Overview

Collaboration of University, Nat. Lab., Industry
Texas A&M University, Project Lead

Luna Innovations, Pnmary Industry Partner
General Atomics, Advisor

Idaho Mational Laboratory, Advisor
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. Distributed Sensor Networks for Online 3D In-
| Core Monitoring in VHTR Environments

g

Overview -+ Goal: Real-time mapping of the temperature and neutran
fluence distribution in proposed NGNP / VHTR cores
« Challenges:
— Harsh environment (750° C 1o 950° C coalant outlet)
— Long refueling cycle (~18 months) — high radiation
+ Benefits of Proposed Sensors:
- Real-time assessment of reactor performance

- Sensor network can be placed throughout the reactor core (axial
and transverse dimensions)

— Benchmarks for simulation and analysis codes used in core design
and modeling
— Optimization of design margins

— Reduced uncartainty in local phenomena assessment / prediciion
- reduced safety margins in design
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Distributed Sensor Networks for Online 3D In-
Core Monitoring in VHTR Environments
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Overview

The 3-5"9&!’ project will provide three kE}‘ deliverables:

1. produce a highly distributed fiber optic network capable of 3D
temperature and neutron fluence mapping in the VHTR
environment;

2. demonstrate reliability and performance of the proposed
sensor network; and

3. provide a compultational model to evaluate expected sensor
performance and lifetime in VHTR environments, to scale
Experimental results to VHTR conditions, to optimize sensor
network, and to assess VHTR performance taking advantage
of the 3D fiber-optics imaging and performance
reconstruction.
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;f Core Monitoring in VHTR Environments

High-Fidelity Modeling Approach
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T l; Distributed Sensor Networks for Online 3D In-
éj Core Monitoring in VHTR Environments

Emulation of VHTR Conditions in TRIGA
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Validation Efforts
| Benchmarks

LEU-HTR PROTEUS
HTTR Program
HTR-10 Program
FSV Dats

Other
(History
Data)

P

Validation and Verification
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E3 Distributed Sensor Networks for Online 3D In-
él Core Monitoring in VHTR Environments

Current Status
Key milestones:

T +  Development of theorelical approach to estimating neutron fluence
distributed along the length of the sensing fiber
. |:> +  Test furnace engineering design with reacior safely board approval.
) l Fiber oplic sensor design and completion of out-of-core laboratory testing

Test furnace fabrication, assembly and complation of out-of-core testing.

+  Delivery of sansor strings with conneclors to university; installaticn in test
furnace.

” « Assembly installation in TRIGA and com pletion of irradiation test matrix.
FaE I + 3D VHTR and TRIGA modeling with representation of distributed sensor
g natwork elements, performance reconstruction and oplimization of tha
TR I network design.

+  Modeling validation using test measurements and scaling to the:
prototypical VHTR conditions.
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Current Status
KE}I' milestones:

(B = Development of theoretical approach to estimating neutron fluence
distributed along the length of the sensing fiber.

| = Test furnace ehgineering design with reactor safely board approval.
= Fiber oplbic sensor design and completicn of oul-of-core laboratory testing ]
I ~  Test furnace fabrication, assembly and eompletion of out-of-core testing.

»  Diglivery of sansor sinngs wath connaclors 1o universily, installation in tast
|:> furnace
> = Assembly installation in TRIGA and com pletion of irradiation test matrix
el Yy ' + U VHTH and TRI=A modeling with representation of distnbuted sensor
:-;}. network elements, performance recanstruction and oplimization of the
; 4 I network design.

Modeling validation using test measurements and scaling to the
prototypical VHTR conditions.
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Conclusions

Year 1 results indicate that the furnace should be capable of emulating VHTR s

The HT furnace is suitable for providing initial performance evaluations of
the candidate in-core sensors in VHTEs

It has been demonstrated computationally that the developed design can
attain the 1000o0C-levels at the sensor location without causing an increase in
temperature levels outside of the furnace

The next phase will be irradiation testing of the fiber optic sensors in the
TRIGA and evaluations of the data in relation to the VHTR conditions.
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10.4.3. Emulation of VHTR Operating Conditions in TRIGA Reactors
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A] M Introduction

* In-core monitoring
challenge — reliable long-term
operation in extreme high-
temperature high-fluence
environments

* Use of fiber optic sensors —
direct in-core 3D monitoring
for in-core management
(loading, hot spots,
temperature and fluence
maps)
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Fluence Mapping in a VHTR Environment

Texas A&M University, Project Lead
Luna Innovations, Primary Industry Partner
Advisors:

General Atomics
Idaho Mational Laboratory

o cenera aromes | UNAY- (@) EnErey NEUP  INL

[

AIiM Introduction

+ Goal: Real-time mapping of the temperature and neutron
fluence distribution in proposed NGNP / VHTR cores

+ Challenges:
— Harsh environment (750° C 1o 950° C coolant outlet)
= Long refueling cycle {(~18 months) — high radiation

+ Benefits of Proposed Sensors:
— Real-time assessment of reactor performance

- Sensor network can be placed throughout the reactor core {axial
and transvarse dimansions)

— Benchmarks for simulation and analysis codes used in core design
and modeling
— Optimization of design margins

= Reduced uncertainty in local phenomena assessment / prediction
= reduced safety margins in design

of» cemenas arommcs | UNAy- (@) Ry NEW® ML
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Appendix

AlM Introduction

VHTR and TRIGA Spectrum Comparison

1208400

LA0EHN | - The ohjective is to test novel instrumentation for use in

the VHTR using the Texas AZM University Nuclear
Science Center's TRIGA Mark | research reactor.
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AIiM Introduction

The 3-year project will provide three key deliverables:

1. produce a highly distributed fiber optic network capable of 3D
temperature and neutron fluence mapping in the VHTR
environment;

2. demonstrate reliability and performance of the proposed
sensor network; and

3. provide a computational model to evaluate expected sensor
performance and lifetime in VHTR environments, to scale
experimental results to VHTR conditions, to optimize sensor
network, and to assess VHTR performance taking advantage
of the 3D fiber-optics imaging and performance
reconstruction.

8
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AIM Distributed Sensing
Fiber optic sensors promise to provide detailed
distributed measurements. -
* Online hot spots determination and flux
mapping
* Continuous code validation becomes
possible

Test fibers in the operating -1 1)
conditions that would be b LA
expected in the VHTR. |

+ covenaaromncs |UNAy- (@) EfERay NEWR ML

m Challenges

The TRIGA reactor sits in a pool of light water
open to the atmosphere. =Py

*  Thermal flux ~ peak at .09 eV

* Low temperatures
*  Fuel ™~ 390°C
*  Coolant ~ 26°C

*  Low fluence rate ~ 4e12 n/cm?/s

= Safety and experimental limitations

Temperature, thermal storage, size, reactivity

o cenemas aromcs | UNAy- (@) ENerey NEW ML
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Appendix

AIM Experimental Design

Design an experimental apparatus to emulate the
conditions of a VHTR in a TRIGA reactor for advanced
instrumentation testing.

*  Operate at +1000°C

* Sustained operation for 1 year, to a neutron fluence of
2e19 nfcm?

= Accessibility for fiber optics and instrumentation
replacement

+ (Conform to 10 CFR 50.59
* Required safety criteria for experimental authorization

*  Passive cooling — heater in vacuum

o s (NN @) i NP ML

Experimental Design

» Extended from an earlier furnace
design from the 70’s designed by
General Atomics for use in the
TRIGA Mark |
*+ KING TRIGA designed originally to

test fuels — Too small for our
purposes

*+ Required forced cooling and
located in a fuel position

o coveras aromes | |NAy- (@) EnErey NEW® ML
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AIiM Modeling - Neutronics

MCNP5/X 2.6 was used for simulating the
TRIGA reactor and simplified furnace
model.

*  The model includes the latest
cross-section data, scattering
kernels, and temperature
induced broadening.

*  Temperature date from N5C-
written and validated sub-
channel code

< comenar aromes LNy~ (@) Enevay NV ML

AIiM Modeling - Neutronics

Verification & Validation

MCNP model was scaled to matched At

Bu/Cd flux foils data from the D3 core s

location. Haat

Neminal scaling was high by E’m'“

-'"5_5% © 2008411

*  Fast (epithermal) to thermal flux F
ratios were comparable to 13.1% T T T

Enangy (Ma's}

Absolute fiber optic irradiation time - s

expected to be roughly 230 days.

Used BOL fuel concentrations. BURN
was not suitable due to memory
requirements. MCNPX 2.7 will allow
for MPI runs.
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AIM Modeling — Heat Transfer

Started with 1D Matlab script to begin design
iterations.

* Radiative heat transfer

* Free convection correlationships

* Failure criteria
Steam production/stress failure
Safety factor of 2.75
2.0 required by facility Tech Specs
Still provides maximum operating conditions for
safety controllers.

< cemenar aromncs LUNAY- (@) ENERGY NEWR  TNL

AIM Modeling — Heat Transfer

Computation continuum mechanics software
package used to support analysis of fiber optics.

* STAR-CCM+ v6.02, developed by Cd-adapco
Provides extra temperature data to Matlab script
for total thermal storage and allows for behavioral
study of furnace operation.

Temperature limited to either:

*  ~160°C on aluminum housing
* 1138°C averaged operating temperature
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AI;M Modeling — Heat Transfer

Verification & Validation

Physics model verification done concurrently with
furnace model development —

*= Conduction
* Near perfect agreement, even with poor mesh
refinement — max error: 1.169% in surface heat flux

=  Forced convection (incomplete)

+ Radiation

* MNear perfect agreement, even with poor mesh
refinement — max error: 0.79% in surface heat flux

+}» cenerar aroswes | |INA - o ENERGY M!E

E—

AI;M Modeling — Heat Transfer

Verification & Validation

*  Matural convection (incomplete)

*  Fair agreement with generalized empirical relationships
>20% error on local heat transfer coefficients depending
on model and mesh refinement

*  W2F non-linear and k- RAS turbulence models
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AIiM Modeling — Heat Transfer

Verification & Validation

Validation modeling to proceed as procurement
process continues, providing validation of fiber
optic sensing and STAR-CCM+/Matlab calculations
* Graphite heater in vacuum chamber

* Instrumented with k-type TCs with
MNextel coating

* LabView PID controller to interface

with power supply and safety
systems

ofr conenar aromes | UNAy- (@) Enigray NEW?  INL

AIiM Modeling — Heat Transfer

Verification & Validation

Experiments provide better material information
*  Resistivity as a function of power/temperature

Ohmic heating is well approximated with constant velumetric heat
generation.

Convection validation to wait for bench top testing of completed

furnace. e
S
e -
st iy
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W Tobsd powsr (W): | S
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AlM

Modeling — Heat Transfer

Radiation Validation
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Modeling — Heat Transfer

Radiation Validation
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Appendix

AIiM Modeling — Heat Transfer

Maximum radial temperature from 1D script
and STAR-CCM+ match within 4.5%.
+  Conductive heat flux causes large
temperature gradients not accounted for in
script.

Provides extra temperature data to Matlab
script for more accurate total thermal
storage.

More detailed material properties with
polynomial fits as a function of temperature.

 comenasaromcs |UNAy- (@) EnERy INEWR  IML
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AIiM Modeling — Heat Transfer

Simulation
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AIiM Modeling — Heat Transfer

Maximum radial temperature from 1D script
and STAR-CCM+ match within 4.5%.
+  Conductive heat flux causes large
temperature gradients not accounted forin
script.

Provides extra temperature data to Matlab
script for more accurate total thermal
storage.

More detailed material properties with
polynomial fits as a function of temperature.

o comemar aromncs | 1NAY- (@) ENErcy

AIiM Modeling — Heat Transfer

Simulation
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AlMm Final Remarks

and Conclusions

Key milestones:

» Development of theoretical approach to estimating neutron fluence
distributed along the langth of tha sensing fiber.

»  Test furnace enginearing design with reactor safety board approval.

* Fiber optic sansor design and complation of out-of-cora laboratory testing.

» Test furnace fabrication, assembly and com pletion of out-of-core testing.

» Delivery of sensor strings with conneciors to university; installation in test
furnace.

»  Assembly installation in TRIGA and completion of irradiation test matrix.

» 3D VHTR and TRIGA maodeling with representation of distribuled sensor
network elements, performance reconstruction and optimization of the
network design.

*  Modeling validation using test measurements and scaling to the
prototypical VHTR conditions.

o ceneracaromes | UNAy- (@) ENErGy NEW ML

=y

Final Remarks
and Conclusions

*  Results of the high fidelity simulations indicate that the
furnace assembly should be capable of emulating VHTR

temperature conditions in TRIGA experiments.

*  The furnace allows the sensor location to reach 1000oC-levels
while being completely shielded from the TRIGA core

environment.

*  Successful completion of the work concludes the first phase of
the project. The next phase will be to build, test, and verify
prior to implementation. These efforts are in progress.
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AI;M Final Remarks

and Conclusions

Confident that the safety of the NSC reactor core will
not be impacted.

Temperature requirements, following bench top
tests, may change.

Temperature fiber optic sensors perform, under
normal conditions, as expected. Gamma and
neutron fibers have not heen tested yet.

o s [NV @) i NP L
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T Emulation of VHTR Operating
' Conditions in TRIGA Reactors

Questions?
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10.4.4. In-Core Testing of Distributed Fiber Optic Sensors

,*
\HNL This project is supported by a 2009 Muclear IE-’( | TEXAS A&M
Energy University Programs award. o TR B LA

In-Core Testing of Distributed
Fiber Optic Sensors

Co-Pls: Shannon Bragg-Sitton, Pavel Tsvetkov

Graduate Students: Jesse Johns & Matt Johnson
Texas A&M University

Joseph French and Bryan Dickerson,
Luna Innovations, Primary Industry Partner

Project Advisors: General Atomics, ldaho National Laboratory
E-mail: sittonf@tamu.edu
e il
LUNA%~ “N=U? o:o CENERAL ATOMICS

[T

T | TEXAS AsM

Project Scope

+ Goal: Real-time mapping of the temperature, neutron
fluence and gamma flux in an operating reactor. (e.g. VHTR)

+ Challenges:
— Harsh environment (750°C to 950°C coolant outlet)
— Long refueling cycle (~18 months) — high radiation
+ Benefits of Proposed Sensors:
— Realime assessment of reactor performance

— Sensor network can be placed throughout the reactor core (axial
and fransverse dimensions)

— Benchmarks for simulation and analysis codes used in core design
and modeling

— Optimization of design margins
— Reduced uncertainty in local phenomena assessment / prediction
- reduced safety margins in design
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i [ S

Sensor Technology

Fiber optic sensors will be used to The OBR measures the Rayleigh
maonitor Backscatter of the optical fiber

+ Total Neutron Fluence

« Gamma Flux |

* Temperature !' . Injected Laser il 5 ‘
\ g 4

The sensor interrogation ./ Backscatiered Light /
uses an Opfical Backscatter - ;
Strain, temp., etc.
Reflectometer (OBR™) ol -3 — . cause Raylsigh
system [l Iecimacu fingerprint to
o | S stretch — shift in
1 - the mean pericd
3 WA g . between
= perturbations
il | leads to a shift in
L s ] " m £ n optical frequency.

Radiation and Temperature stimuli

change the Rayleigh backscatter ”
of the optical fiber lJUNf\l}“ ]

ettty 3

|5.-

|

|

|

|

|

I

|

ol

A | TEXAS AsM

Fiber Temperature Performance

Wavalsngt St {rm)
(a)Wavelength spectra along a 5 mm {(h) Cross comelation of the heated
fiber interval for a heated (solid) and spectra with reference (unheated)
unheated (dotted) measurement spectrum.

scan.

Demonstration of a thermal shift of an optical fiber.
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i | TEXAS ASM

Measurement Approach

In a single scan, the entire fiber is recorded

Luna
Interrogation i R T i
System

| e

Measurement Approach

In a single scan, the entire fiber is recorded

Luna
Intemmogation B

Syt T—PSDm

Desired sensor locations

Software settings determine where along the fiber strain is reported
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Measurement Approach

R

Software settings determine where along the fiber strain is reported

Luna

Intemogation -1 R HHHTHEHIRIHHITHHITHERHHHHHEHHHTHHHE——

Strain [ue] .
+ +
+ +
=
The software displays strain as a function of distance, with the
option of scanning, and updating, continuously
TEXAS A&M
Measurement Approach T | FERAS N

Regions of distributed sensing can be defined as well

Luna
Intermogation 1 14 p——
Stram [pe] o
+ +
+ + +
T + + *
+
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Measurement Approach

A | TEXAS AsM

Regions of distributed sensing can be defined as well

Luna

Spatial resolutions as small as 0.5 cm can be defined in software

Distance [cmi

Measurement Approach —
High Definition Sensing

Al S

Regions of distrbuted sensing can be defined as well

averaged, and washed out the response

Luna
Intemmogation 1" ' p——
Strain + +
[is<] +++++++ *y +++++++ R
+
+
4
PR P PO P PO O PO O PO O T B ~
T T T T T T T Distence [

Extremely useful observing how strain changes continuously over a region
Small, localized events can be observed, where larger foil gages would have

oxo ceneraL aromics | N %=
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I | TEXAS ASM

Measurement Approach

Multiple configurations can be defined for the same fiber sensor to
acquire as much, or little, data as required:

Configuration 1

Point Sensors

Configuration 2 —{[{| | EEERBEE T
Distributed Sensors

Configuration 3 =B HTHTHERTLITRTEETTL TSR {1 TR H

Point and Distributed Sensors

R [ SR

Digging Deeper

In a single scan, the entire fiber is recorded in small, discrete segments

Luna
Intermogation 1 1 t i p——

il
Input [aser, many
wavelengths ¥
| | il
Gage length determines how many segments are included in a measurement of strain
Light scatters off the imperfections in the glass
The scatter i= recorded in each, small, discrete segment
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. K | TEXAS A&M
Getting the Data A | RS A
In each segment, the intensity of the scatter is recorded as a function of
wavelength, or optical frequency
Luna
Intemogation il 1 H i —
Syt S0m
-'F'l.lnli'ﬂ'.lw.-p
| — ]
Intensity
Frequency [ ]
The scatter is unique to each segment, thus a fingerprint’
. TEXAS A&M
Getting the Data M | SRS M
When the fiber is strained, the fingerprint shifts in wavelength, and
this shift is proportional to the amount of strain applied
Lum - T z T
Intemogation t 1 4 —+50m
-""'.IJ-Jﬂ \r
Intensity A
Frequency [ ]
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s | TEXAS AsM

Temperature & Radiation Sensing

Probe OD: =4 mm
Total Netron Fluence Sensing Fiber

Temperature Sensing
[Fiber

-

300 pm

Gamma Sensing Fiber _J_

+ Three optical fibers:

— Themal sensing
Gamma flux sensing
Neutron fluence

**Each fiber specifically selected to enhance
response sensitivity to individual stimuli

felative Sensitivity

Fiber Type Thermal Gamma Meutron
Temperature Sensing High Extremely Low Low
Gamma Sensing Low High Low
Meutron Sensing Low Extremely Low High

Proposed Sensor Performance [QGREERS R

Sensitivities i I

Total MNeutron Fluence - TBD
Gamma Flux - TBD i
Temperature - + 1% [

Spatial Resolution — 1 cm il 240
Di=ztan Al ¥ e . (1]
Filber {ﬁ; ond I Time (HH:MM)
Distributed temperature map produced using a
Demonstrated fiber optic temperature sensor and OBR.

Operating Ranges
« Temperature Range up to 800°C with brief excursions to 1050°C :
+ Total Neutron Fluence levels ~5x10"® nfcm? 1 l J Ni“'ﬁ }5
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X | TEXAS A4M

Experimental Demonstration

= Sensors testing in a relevant environment over a long
duration

* Real-time data acquisition
— Allows assessment of fiber performance, degradation, etc.
without removal and visual observation
— 34 fiber bundles inserted into test device (3 fibers per bundle)

» With available switch, 8 fibers can be monitored with one OBR
(higher capacity switches available, or additional OBRs can be
used to increase sensor monitoring capability)

* Mechanical disconnect to switch to other installed fibers if failure
occurs

— Damaged fibers can be removed for analysis and replaced if
necessary

X | TEXAS AuM

Experimental Apparatus

* Design an expenmental apparatus to emulate VHTR
conditions VHTR in a TRIGA reactor (as much as possible)

* QOperating environment:
— Sensor temperature: +1000°C
— Sustained operation for 1 year
— Total neutron fluence = 2 x 10" nfem?
* Design guidance:
— Accessibility for fiber optics and instrumentation replacement
— Conform to 10 CFR 50.59
* Required safety criteria for experimental authorization
— Resistive heating, passive cooling
» (Graphite heater in vacuum
* Niobium thermal radiation shields
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Test Facility — Nuclear Science
Center Reactor

A | TEXAS A

* TRIGA Mark | reactor design
* 1-MW operating power
* Refueled in 2006, LEU U-ZrH
* Neutron fluence rate:
— 102 nfem?-s to 1.4x10'2 nfem2-s thermal
— 10" nfem?-s epithermal
« Gamma dose (reactor face): ~2x107 rad/hr

« Various test positions possible

— Options limited due to test duration and need to leave some
positions open for other test articles

Previous GA King Furnace
Design

X | TEXAS AsM

+ Licensed for use in TRIGA faciliies in early 1970s (NRC licenses R-38 and R-67)

+ Designed to aid in analysis of the in-pile behavior of high-temperature gas-
cooled reactor fuels

+  Allowed fuel samples to be tested in a radiation environment at temperatures
up to 1800 oC

+ Heating provided by a
cylindrical graphite element
Radiation shields used to
drop the temperature from
centerline to surface
Designed to fit a “standard”
TRIGA core fuel element
position (3.73 cm ODY;
~20 cm (87) in length

Qt.-mm

U.5. DEPARTMENT OF Q‘}&: QX
ENERGY ~UNSU?> NL

o e—— doie Makicnel Loberotory

’:’ GENERAL ATOMICS LUNP(;A 1




Appendix

T | TEXAS AsM

Test Furnace Design

L]

Design basics:
—  Aluminum housing to minimize actvation
— Heating provided by a specially-designed P soct—

graphite element
— Refractory metal thermal shields
— Cenfral instrumentafion channel

b Sic ot
Supperd y

+  Failure crtena:
— Steam production/stress failure
— Safety factor of 2.75 (Facility TSR: 2.0)

Vo Tube:
Higigurm: Thesmol Shim i

« Temperature limitations
— ~160°C on aluminum housing

gl Heate

Gt Ackaprer—

+ Engineering design complete and
approved by NSCR Safety Analysis
Committee

Graphite Heater Element.

Test Furnace Design

+  Multi-fiber probe installed at the center of
the test furnace

= Fiber optic measurements verified using
standard instrumentation in close proximity
— Themocouples
— Activation wires
— Miniature fizsion chambers and gamma detectors
+ Test funace position
— Occupies a full, 4 slement
grid position
— Surrounded on three sides

by fuel to achieve higher
fluence

—~e
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Test Furnace Design

+ Meutronic modeling of the fumace performed
to predict the neutron and gamma fluence
rates at the experiment position

—  Maximum possible neutron fluence rate is expected
fo be 1.72¢10"2 nfem?-s ower the full neutron energy
specirum
{5.74:x10" nferé-2 below 0.5 V)

Themnal neutron spatial distribubion for <05 eV in
the TAMU TRIGA core (nferd-s).

Thermal Modeling: STAR-CCM+

= Continuum, multi-physics package
selected to produce a highly resolved
model of expermental performance
for both steady state and transient
conditions

Tempenathune (03

I L L]

Aram

= Parameters selected to achieve a
maximum of 1000°C at the sensor
position while maintaining the safety of
the TRIGA reactor core (limiting safety
system setting)

= High-fidelity medel developed
concurrently with an analytical medel
to facilitate the design process and Fo
provide model verification
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TEXAS ASM

Planned Operating Conditions

+  Test fixture voided

+  Two refractory metal thermal shields
minimize heat transfer to the extamal
boundary and neighboring core
positions

— Seli-heating in the thermal shields is
predicted to not exceed 15 W and 22
W for the inner and outer shields

— Predicted maximum 10°C nise in the
fumace external temperature

* Heater operating conditions:

— JBW

— Predicted temperatures:
« 1008°C at centerline
« 165°C at tube surface

[amparaturs (2

l Lt ]

TEXAS AtM

Initial Benchtop Testing

+ Initial heater element and fiber tests at elevated temperature have
been conducted in a vacuum environment to:
— Verify analytical and STAR-CCM+ models for thermal radiation and
conduction
— Support behavioral studies, including heater element
resistivity changes as a function of temperature and cu
— Support equipment tests, including power supply load
and tuning for PID controllers
+  In-air testing
— Vibration sensitivity
— [Effect of large temperature S s S
gradients | | Temperature
— Determination of fiber W\ [ | Change {dBimm)
conductivity | J N

Ty

T e

Length {m)

—~e
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T | TEXAS A

Current Status

Continuation of fiber optic benchtop testing

All major furnace components received

Minor components now in shipment

Fumace assembly and installation ~Nov / Dec 2011

TEXAS A&M
Acknowledgements T | TR

- Significant credit goes to graduate student
Jesse Johns for all his work in the design
and analysis of the test furnace.

« This paper is based upon work supported
by the U.S. Department of Energy Nuclear

Energy University Program Award Number
09-241.
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R | TEXAS AsM

Extra Slides

I | TEXAS AsM

Primary Deliverables

The 3-year project will provide three key deliverables:

1. produce a highly distributed fiber optic network capable of 3D
temperature and neutron fluence mapping in the VHTR
environment;

2. demonstrate reliability and performance of the proposed
sensor network; and

J. provide a computational model to evaluate expected sensor
performance and lifetime in VHTR environments, to scale
expernimental results to VHTR conditions, to optimize sensor
network, and to assess VHTR performance taking advantage
of the 3D fiber-optics imaging and performance
reconstruction.
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T | TEXAS AtV

Key Milestones

Key milestones necessary to achieve the desired
goals include:

+  Development of theoretical approach fo estimating neutron fluence
distributed along the length of the sensing fiber.

+ Test fumace engineering design with reactor safety board approval.

+  Fiber optic sensor design and completion of out-of-core laboratory testing.

+  Test fumace fabrication, assembly and completion of out-of-core testing.

+ Delivery of sensor strings with connectors o university; installation in test
fumace.

+  Assembly installation in TRIGA and completion of imadiation test matrix.

+ 3D VHTR and TRIGA modeling with representation of distributed sensor
network elements, performance reconstruction and optimization of the
network design.

+ Modeling validation using test measurements and scaling to the
prototypical VHTR conditions.

TEXAS AWM
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Spectrum not ideal, but sufficient to provide initial sensor performance charactenization.
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A | AR

Distributed Sensing with Radiation

__— Gamma Sensing Fiber

. Temperature Sensing Fiber

{_——— Meutron Sensing Fiber

Radiation Source

Position

Sensing Fibers

Radiation Temperature

Each sensing fiber experiences the radiafion and
temperature though the radiation cross sensitivity
is minimized in the Temperature sensing fiber.

A | SRR A

Distributed Sensing with Radiation

Gamma Sensing Temperature Sensing

o
§ . \
i Neutron Sensing
2
n
= u %
3| ; j ;

: 2|

F 3 m‘fj "W 3

Position Position Position
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Temperature Compensation

Temperature increases the noise in the Radiation Calculations

4 "}

Position FPosition Pasition
‘While each fiber measures their finer temperatures, the
Temperature sensing fiber is used to compensate the other two

fibers

After Compensation

= &

éJ M}I EG ,W
i X = f

§ W 3 W \

o =z
Position Pasition
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10.4.5. TRIGA-Based Experimental Device for Fiber Optics Testing

Development of TRIGA-based Experimental
AI.M Device for Fiber Optics In-core

Instrumentation Testing for VHTRs

Jesse Johns, Pavel Tsvetkov
Department of Nuclear Engineering
Texas A&M University

Thursday, April, 19% 2012

Research by U.5. DOE NEUP-Sponsored Students
2011 ANS Annual Meeting

-tomm.m |.UN:1\'J¢ OEI;IE'Iiﬁf \m M

AI.M Introduction

A Distributed Fiber Optic Sensor Network
for Online 3D Temperature and Neutron
Fluence Mapping in a VHTR Environment

Texas ARM University, Project Lead
Luna Innovations, Primary Industry Partner
Advlsors:

General Atomlcs
Idaha Natlonal Laboratory
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AIIM Introduction

= Goal: Realtima mapping of the temperaturs and neutron
fluence distribution in proposed NGNP / VHTR corsa
= Challenges:
— Harsh anvironmant {T50° C to B50° C coolant outlat)
- Long refusling cycle {(~18 months) — high radiation
+ Benefits of Proposed Sensors:
- Raal-ima assassmeant of reactor parformancs
— Sansor network can ba placad throughout the reactar core {axdal
and trensvarse dimenslons)
= Banchmarks for stmulation and aralysls codes used n cora deslgn
and modaling
— Dptimization of design margine
= Reduced uncertainty in local phenomena assessment / pradiction
< reducad safety margins in dasign

o}» cenerat arommes | | [Ny~ OEﬁE'EGY ‘M :“l'

AIIM Introduction

The 3-year project will provide three key deliverables:

1. produce a highly distributed fiber optic network capable of 3D
temperature and neutron fluence mapping in the VHTR
environment;

2. demonstrate reliability and performance of the proposed
sensor network; and

3. provide a computational modsl to evaluals expected sensor
performance and lifetime in VHTR environments, to scale
experimental results to VHTR conditions, to optimize sensor
nebtwaork, and to assess VHTR performance taking advaniage
of the 3D fiber-optics imaging and performance
reconstruction.

ofs GEmERAL arommes | | /N A% OEHEEGY m& “

o ceneras aromes |UNAY- (@) iigkev TNEW  TNL

iy sy Progeam, o Nofional Lborotory




Appendix

AIM Distributed Sensing

Fiber optic sensors promise to provide detailed
—

distributed measurements.
+ Online hot spot determination and flux

mapping

+ Continuous code validation becomes
possible

Test fibers in the operating [

conditions that would be |
expected in the VHTR. 1 ed,

[1] & K Ssnz. M. E. Frogestt, D. K. Grifford, 5. T. Kreger, anc B, D. |
Dickerson, “0One centimeter spatial nesolution temperasture Nrpare
mensIements in & nuchssr reactor using Reyleigh soakter in optical . e
i~ IEEE Sens. 1 2{7), 137313280 {2008).

Length [mil

o cemenas aromes | \NAy- () EnEray NSV IHI.

S g oy g

m Challenges

The TRIGA reactor sits in a pool of light
water open to the atmosphere.

*+  Thermal flux ~ peak at .09 eV
* lLow temperatures

= Safety and experimental limitations

= Temperature, thermal storage, size,
reactivity
[2] G. Cheymel, H. Long, 1. F. Villard, and B. Brichard, High level gamma

and neutron irradiation of silico optical fibers in CEA QSIRIS nuclear
reactar, |[EEE Trans. Mucl. 5¢i.55(4), 2252-2258 (2008)

[3] R.5.Fielder, D.Klemer, K.L5tinson-Baghy, High neutron fluence sunivability testing of
advanced Fiber Bragg Grating sensors, AIP Conference Proceedings, wol. 699, n2 1, Feb. 2004,
pp. 650-657.
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AI;M Challenges
Energy Spectrum

0 R SRy . s A

2
o
T

=
m
T

Sealarfu jrormalized ot i)
a o B B
W ow
T —T

o - - X
™ ™ o 1o 10 1 1’

+}+ cENERAL ATOMICS LUNAWR OEI;JE'I-I'GT xm M

AIaM Experimental Design

Design an experimental apparatus to emulate the
conditions of a VHTR in a TRIGA reactor for advanced
instrumentation testing.

*  Operate at ~1000°C

* Sustained operation for 1 year, to a neutron fluence of
2e19 nfcm?

* Accessibility for fiber optics and instrumentation
replacement

* Conform to 10 CFR 50.59
* Required safety criteria for experimental authorization
* Passive cooling — heater in vacuum

o4 cenera arommes | | /N A\ OEHEEGY ;ﬁ__!g _iﬂl.
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Experimental Design

* Extended from an earlier

PowsrFesdtioush  fUrNace design from the
-~ Fumace Structure 70’s designed by General
_ Void Tube F .
" Fiber Optic Probe Atomics for use in the
b TRIGA Mark |

Thermal Shields *  KING TRIGA designed
originally to test fuels — Too

. Alumim Silicate

" Supports small for our purposes

. Grid Adapter * Required forced cooling
and located in a fuel
position

3 comemas mromes | UNAy- (@) EiEncy NSV IML

AI.M Modeling - Neutronics

MCNP5/X 2.6 was used for simulating the
TRIGA reactor and simplified furnace
model.

*  The model includes the latest
cross-section data, thermal
scattering data, and

*  Temperature date from NSC-
written and validated sub-
channel code

& comemar aromes |\ NAy- (@) Enigrey NSV NL
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AI;M Modeling - Neutronics
Verification & Validation
MCNP model was scaled to b I
matched Au/Cd flux foils data B |
from the D3 core location. D
= Nominal scaling was high by | E
NE-E% 1.00E411
= Fast (epithermal) to thermal oo
flux ratios were comparable ST e
to 13.1% Energy Spectrum in Fiber

Absolute fiber optic irradiation
time expected to be roughly 230
days.

{
|
l.."

Used BOL fuel concentrations. == =

+}s cENERAL ATOMICS LUNAW OEIﬁEIEGY \m M

AIiM Modeling — Heat Transfer

Started with 1D Matlab script to begin design
iterations.

» Radiative heat transfer

* Free convection correlationships

* Failure criteria
Steam production/stress failure

Safety factor of 2.75
2.0 reqguired by facility Tech Specs

Still provides maximum operating conditions for
safety controllers.

+}» cenerar arommes | | |N A oEHEEG"I' l\m _i.l
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AIM Modeling — Heat Transfer

Computation continuum mechanics software
package used to support analysis of fiber optics.

+  STAR-CCM+ v6.02, developed by Cd-adapco
Provides extra temperature data to Matlab script
for total thermal storage and allows for behavioral
study of furnace operation.

Temperature limited to either:

*  ~160°C on aluminum housing
* 1138°C averaged operating temperature

o} ceneraL aromes | | NG OEI;JE'EGT xm I'll.

AIM Modeling — Heat Transfer

Verification & Validation

Physics model verification done concurrently with
furnace model development —
*+ Conduction

* Near perfect agreement, even with poor mesh
refinement — max error: 1.169% in surface heat flux

+ Forced convection (incomplete)
» Radiation

* MNear perfect agreement, even with poor mesh
refinement — max error: 0.79% in surface heat flux
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AIIM Modeling — Heat Transfer

Verification & Validation

Validation modeling to proceed as fabrication is
completed

* Instrumented with k-type TCs with
Nextel coating
* LabView PID controller to interface
with power supply and safety
systems

* Graphite heater in vacuum chamber

< comemas aromes |UNAY- (@) EiiEey INEW ML

AIIM Modeling — Heat Transfer

Verification & Validation

Experiments provide better material information
* Resistivity as a function of power/temperature
Ohmic heating is well approximated with constant
volumetric heat generation.

oo
oLz T
0.01 + ‘L

0.000E

v = 1.526E-027 LTH
F oome i = LALIEGL
F oo e
.02 h‘“—.
nas 4 .
no0aE = R
bocaE -

Temperslure {0}
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AIIM Modeling — Heat Transfer

Radiation Validation

ﬁﬁﬂﬁﬁ *  Environmental temperature
po__ | e *  Power leads directly modeled
] 3874 X 44 0Ead  D0DE3

S3S55 602} 3613 00948 00010 without contact resistance

002 10047 B35 -0.0897

0030
ITLI7 17348 176006 00865 DO0&S .
sisne  mase wosve omen ame " Thermocouples not included
00335
DDETD

ITETD  PMLEE 53M7TI3  -0UA50
36559 4972 13149 0073

acaromes |UNAy- (@) Engray INEY ML

[SEsspas——

-
|

AIiM Modeling — Heat Transfer
Stress Test
- / \ | Verify cementing method for
| \ { power leads and thermocouples.
=] |
/ i \ Verify transient analysis of
ol f | thermal models.
i- i) ]
=/ ——
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A]M Modeling — Heat Transfer

Gas physics modeled with V2F non-linear eddy

viscosity model, with heat transfer coupling. "'i“";:
Surface to surface radiation modeling, with

constant emissivity. g
Constant volumetric heat generation in heater and 000

thermal shields,

*  MCNPX predicts 14.7 and 21.2 W for the inner
and outer shields

IM{-‘:
Power reguirements: I.wm
26

+ 390W - T5h= 1116C, T,= 190C
348W -- T,=1008C, T.=165C

L

o}» ceneraL aromes | | [N Ay OEﬁE'EGT 3 ;______ :hl

A]M Current Progress

Furnace Fabrication
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Alm Current Progress

Furnace Fabrication

o comemar aromes || NAy- (@) EngRey NSV ML
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A]@M Current Progress

Furnace Fabrication
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A]éM Current Progress

Furnace Fabrication

of» ceneraL aromes | | [Ny Oéﬁﬁiﬁr"f ":_E_'E M

Ai I?M Current Progress

LUNA%-

Tarmparatura Gamma
Sensing ! Sensing
Meukren -

Sensing
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AI;M Current Progress

Pressure Sensor Calibration

Ensure proper safety
system response.

Comply with NEUP QA
requirements.

L

j» cEmneraL aronues | | INAY oEIﬁE'Eﬂ‘I' :

i g ey

AI;M Final Remarks

and Conclusions

Key mllestones:

* Development of theorsfical approach to estimafing neutmon fluence
distributed along the length of the senalng fiber.

+  Test fumace engineering design with reactor safely board approval.

= Flber oplic acnasor design and compistion of oul-of-core laboratory testing.

+ Tesl funace fabrication, assem bly and complellon af aui-of-core lesting.
+ Dellvery of sengor slings with conneclors to university: Installation n Lest

+  Assembly Insiallalion In TRIGA and completion of |rradlation lesl matrix.
+ JDVHTR and TRIGA maodelling with representation of distributed sensor
network elements, performance reconsiruction and oplimization of the

network dealgn.
*  Modaling validallon using les! measurements and scaling 1o the
prototyplcal VHTR conditions.
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AI;M Final Remarks

and Conclusions

Confident that the safety of the TRIGA reactor core
will not be impacted by the experiment.

Temperature requirements, following bench top
tests, may change , but operation to 1000°C is
expected to be achievable.

Temperature fiber optic sensors perform, under
normal conditions, as expected. Gamma and
neutron fibers test have not yet been done in depth.

o}» ceneraL arosmcs | | INA OEIiIEIiGY IM M

AIiM Acknowledgements
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University Nuclear Science center.
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T Emulation of VHTR Operating
i b Conditions in TRIGA Reactors

Questions?
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$ Engineering Challenges
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10.4.6. 3D In-Core Monitoring in Advanced Reactor Environments

NUCLEAR
ENGI

3D In-Core Monitoring in Advanced Reactor
Environments

Pavel V. Tsvetkov, Shannon M. Bragg-Sitton
Jesse M. Johns, Matthew P. Johnson

Department of Nuclear Engineering
Texas A&M University

Presented on behalf of the authors by Ahmad Al Rashdan

Advanced Reactors

Thursday, June 28, 2012, ANS 201 2 Annual Meefing
June 24-28, 2012, Hyatt Regency Chicago, Chicago, IL
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S

=

3D In-Core Monitoring in Advanced Reactor
| Environments

ST

Overview

High-Fidelity Modeling Approach
VHTR Environments in TRIGA
In-Core Environment Reconstruction

Current Status

Conclusions

+}» cenerar aromes | 1IN A%~ eEl'lIER':!"I'r :_'E_,e qﬂl‘

i NUCLEAR ENGINEERING

D

;—I; 3D In-Core Monitoring in Advanced Reactor
@I Environments

Overview

Sensors for Advanced Reactors
Safety, Reliability, Autonomity, Economics, ...

- Robust in-core measurement systems capable to
provide characteristic operational information

- Longevity of sensor performance
- Real time operation

Ability to predict hot spot formation conditions

o} cenera aromes L UNA%- eEHERG‘r “NEU’ 1!1

o> ceneraL aromes | N\ %~

[roTepe—T————

EiiERGy “TNEWP \E!!L:



Appendix

>

£ li 3D In-Core Monitoring in Advanced Reactor
éJ Environments

Overview

— * [n-cora monitoring

o ¢|‘Iﬂ.“ﬂl"t§& — rediable lomg-term
operalion in extreme high-
temperature high-fluence
environmenis

* Usze of fiber optlc sensors -

T — direct in-core 30 monitoring

= far in-core management
o {loading, hot gpots,

L NUCLEAR ENGINEERING

D

s li 3D In-Core Monitoring in Advanced Reactor
@I Environments

Overview

Distributed Sensor Metworks for Onfine 30D In-Core
Nonitoring in VHTR Environments

Collaboration of University, Nat. Lab., Industry
Texas A&M University, Project Lead

Luna Innovations, Primary Industry Partner
General Atomics, Advisor

Idaho Mational Laboratory, Advisor
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>
% o Ii 3D In-Core Monitoring in Advanced Reactor
é| Environments
Overview * Goal: Reaktime mapping of the tamperature and neutron
fluence disfribution in proposed NGNP / VHTR cores
= Challenges:
~ Harah anvironment (750" G ta 850° G coolant oirfiet)
~ Long refueling cycla (~18 months) - high radiation
* Benefits of Proposed Sensars:
— Raaltime asssssmant of reacior parformance

= Sensor natwork can be placed throughout the reacior core (axial
and ransversa dimersions)

— Banchmarks for simulation and analysis codes used in core design
and modaling

— Optimzetion of design margins

= Reduced uncartainty in local phenomena assessment / prediction
= reduced saifety margins in design

] NUCLEAR ENGINEERING

@
Ii 3D In-Core Monitoring in Advanced Reactor

:-'.;- | .
él Environments

Overview

The 3-year project will provide three key deliverables:

1. produce a highly disiributed fiber optic network capable of 3D
temperature and neutron fluence mapping in the VHTR
anvironment;

2. demonstrate reliability and performance of the proposed
sensor network: and

3. provide a computational model 1o evaluate expected sensor
performance and lifelime in VHTR environmenis, to scale
experimenial resulis in VHTR conditions, io optimize sensor
neftwork, and {0 assess VHTR performance taking advanizge
aof the 3D fiber-oplics imaging and performance
reconsiruction.
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>
3 Ii 3D In-Core Monitoring in Advanced Reactor

£3| .
él Environments

High-Fidelity Modeling Approach

Objectives

Predict core behavior

Develop methodologies for 3D flux (and power
density) reconstruction

Predict hotspots and off normal conditions with a
limited amount of sensors

Reconstruction will rely on knowledge of the expected
core behavior, hence the current focus on high fidelity
modeling

NUCLEAR ENGINEERING

@I

-« | 3D In-Core Monitoring in Advanced Reactor

| Environments
i)

High-Fidelity Modeling Approach
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>
x _3_'; 3D In-Core Monitoring in Advanced Reactor
%I Environments

High-Fidelity Modeling Approach

NMethodology and Tools

MCNPX whole core modeling with unique block
tracking

Runtime automatien fo capture core perfermance

*: ' +  Sensor modeling using cell flux tallies
F - n . . . _ .
b = Sensor grid optimization to maximize predictive
A capabili
. p
l-.'.-."'f'
< r l + Sensor failure effect evaluations
.

g NUCLEAR ENGINEERING

>
5 I 3D In-Core Monitoring in Advanced Reactor
';ﬁ_l Environments

High-Fidelity Modeling Approach
Hot Spot Migration and Localization with the Core

BOL
Pl [l
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NUCLEAR ENGINEERING
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D
| 3D In-Core Monitoring in Advanced Reactor
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High-Fidelity Modeling Approach

Reference Flux Distribution Showing Hot Spot location within a Block
x 10

Ciignal dafa =at

-3
-0 20 o0 0 mm 2m 30
=[]

Hot Block Location

Hot Spot within Hot Block Location
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Environments

e

T

High-Fidelity Modeling Approach

Sensor Grids for Interpolation Based Reconstruction Approach

38 8 8 HHE

am
Sensor Arrangement 1
{sensors in block centers)

Sensor Arrangement 2
[sensors in block centers and corners)
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High-Fidelity Modeling Approach

Sensor Grids for Interpolation Based Reconstruction Approach

30 Sensor Grid
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SB;‘J Environments

VHTR Environments in TRIGA
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VHTR Environments in TRIGA
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VHTR Environments in TRIGA =
il =HREEPF

MCHMP model was scaled to matched Au/Cd flux
foils data from the D3 core location.

+  Mominal scaling was high by ~5.5%

+ Fast (epithermal) to thermal flux ratios were
comparable to 13.1%

Absolute fiber optic irradiation time expected to be
roughly 230 days.

+  Used BOL fusl concentrations.
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In-Core Environment Reconstruction

"
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In-Core Environment Reconstruction

Raconstniction

Gnd Samphng
Crowal data set 1155 sensors
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Current Status
Key milestones:
1 =  Development of theorstical approach fo estimaling neutron flusnce
distribaied slong the length of the sensing fiber.

+  Teal furnacs engineering deslgn with reacior salaty boand approval.

=  Fbor opiic songor design end complobion of ouf-of-corp leboretory looting |
i = Test furnace inbrication, assembly and compleiion of oul-of-core iesfing.

»  Delivery of sensor sirings with connectons fo universily; instalialion|n tesl

» =  Aagembly insizliation in TRIGA and completion of irediation tesi msirbc
r s 1.' I:> = 3DVHTR and TRIGA modelingwith representation of dsiribuied sensor
};}_ PP SlemeniE, PErnATandE racenEcdon and apiimizatan of the

*  Miodaling velidation using tesl messurements and soaling to the
prototyplesl VTR condidons.
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- Hizh fidelity simulations imdicate that the formace assembly

Conclusions should be capable of emulating VETR in TRIGA. The farnace
allows the semsor locatiom to reach 10000C while bemg
completely shielded from the TRIGA.

Calcnlations indicate that mo active beat removal systems will
be required to maintain TRIGA safety sefting ($2500C).

The simulation methodology and recomstroction techmigues
have been developed for semsor array optimiration studies
targeting in-rore 3D monitoring options.

The grid sampling case nsing 1155 semsors im a grid patternm is
sufficient for hot spot location at standard operating conditions.

The irradiation testing resulis and final project conclusions will
be presented af the ANS annnal mesting in 2013, stay tormed !
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Environmenits

QUESTIONS?

Direct your questions about this effort to
D, Tsvetkov (tsvetkovi@tamu.edu) and Dr. Bragg-Sitton (sittom@tamu, eau)
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Fiberoptics-Based Sensing for Real-Time 3D In-Core
Monitoring
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Overview

Fiber Optic Sensors

Emulation of VHTR Conditions in TRIGA
High-Fidelity Modeling Approach
Validation Efforts

In-Core Testing

Conclusions
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Rl

Overview

Small and Medium Sized Advanced Reactors
Safety, Reliability, Autonomity, Economics, ...

Robust in-core measurement systems capable to
provide charactenistic operational information

Longevity of sensor performance

Real time operation
- Ability to predict hot spot formation conditions _
< conemas aromnes LUN-- (@) EnERGy “ThEW ML
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Ryl

Overview o
" L Melaim * In-core mmtﬂﬁl’u
— challenge — reliable lomg-term
— operation in exireme high-
W - e temperature high-fluence
= environments
T« Useof fiber optic sensors -
j = direct in-core 30 monitoring
T for in-core management
= el {loading, hot spots,
o s temperature and fluence
T maps)
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Overview

Collaboration of University, Nat. Lab._, Industry
Texas A&M University, Project Lead

Luna Innovations, Primary Industry Partner
General Atomics, Advisor

Idaho National Laboratory, Advisor
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Ryl

Overview * Goal: Reaktime mapping of the temperature and neutron
fluence disfribution in proposed NGNP / VHTR cores
» Challenges:
- Harsh anviroament (750" C to 850" G coolant olat)
— Long refueling cycl (~18 montha) — high raciation
+ Banefits of Proposed Sensars:
— Realime assessmant of reacior parformance

= Sensor natwork can be placed throughout the reacior core (axial
ant ransvarss dimensions)

— Banchmeris for simuiation and analysis eodss wsad in cons dasign
and modaling

— Optimizetion of deslign marging
= Reduced uncartainty in local phenomena assessment / prediction
- redhced safety masghns In design
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ST

Overview
The 3-year project will provide three key deliverables:

temperature and neufron fluence mapping in the VHTR
environment;

sensor network; and

of the 3D fiber-oplics imaging and performance
reconsiruction.

1. produce a highly distribubed fiber oplic network capable of 3D

2. demonsirate reliability and performance of the proposed

3. provide a computational model 1o evaluate expected sensor
performance and lifefime in VHTR environmenis, to scale
axperimental results to VHTR conditions, to optimize sensar
network, and fo assess VHTR performance taking advantage

i NUCLEAR ENGINEERING

=D
.= Fiberoptics-Based Sensing for Real-Time 3D
;gl In-Core Monitoring in NGNF/VHTR Environments

S

Fiber optic sensors will ba used to The OBR measures the Rayleigh

minitor Backscatter of the optical fiber
* Total Meutron Fluence

» Gamma Flux

batbnn

Radiafion and Temperature stimuli

Fiber Optic Sensors of e optica fiber
i

» Temperature |' Inigcteclaserlioht
i _ \ [
The sensor nterrogation b s {
uses an Optical Backscatter
T T T T ¥ Sirain, lemp., ele.

Refliectometer (QBR™) | f— —— cause Raylesigh
system g .. ) e fiRgerpdint b

i e shreteh —ehiftin

o e e e 1 ihe mean period

perturbalions

£ T TIITer ]
T amt L r (- o
i
u 1 [T ] E] =
. - aplical fregquencsy.

lads o a shiftin

change the Rayleigh backscatter 11 JN{]\?& .
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Fiber Optic Sensors

Fiber optic sensors promise to provide
detalled distributed measurements.

* Online hot spats determination
and flux mapping

» Continuous code validation | 7.
becomes possible ‘ o

Test fibers in the operating
conditions that would be
expected in the VHTR.

NUCLEAR ENGINEERING

& ,EE
g I; Fiberoptics-Based Sensing for Real-Time 30
gﬁ| In-Core Monitoring in NGNP/VHTR Environments

Emulation of VHTR Conditions in TRIGA
The TRIGA reactor sits in a pool of Ilght water
open to the atmosphere. -

= Thermal flux ~ peak at .09 eV

* Low temperatures
*  Fuel ~ 390°C
* Coolant ~ 26°C

» Low fluence rate ~ 4e12 nfcm?/s

= Safety and experimental limitations
* Temperature, thermal storage, size, reactivity
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Emulation of VHTR Conditions in TRIGA

Design an experimental apparatus to emulate the
conditions of a VHTR in a TRIGA reactor for advanced
instrumentation testing.

+ Operate at +1000°C

+ Sustained operation for 1 year, to a neutron fluence of
2e19 n/cm?

* Accessibility for fiber optics and instrumentation
replacement

* Conform to 10 CFR 50.59
* Required safety criteria for experimental authorization
* Passive cooling = heater in vacuum

i NUCLEAR ENGINEERING
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;ﬂn In-Core Monitoring in NGNF/VHTR Environmenis

‘Wader luval

Emulation of VHTR Conditions in TRIGA
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Emulation of VHTR Conditions in TRIGA

T=mperafure (C)

' Haa
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Emulation of VHTR Conditions in TRIGA
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High-Fidelity Modeling Approach
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Validation Efforts
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1

In-Core Testing
Key milestones:

r * Development of theoretical approach fo eslimating neutron fluenes

distribuied slong the length of the sensing fiber,

i =  Tesl furnacs enginsering dealgn with reacior ealfely boand spproval,

= Fber opilc sonsor doalge ond completlon of oul-of-oore laboratary lssting

I «  Test furmace fabrication, assembly and complefion of oul-of-core 1esfing.

= Dellvery of sensor sirings with connesion o universily; Ingtallelion In Tesl
furnacs.

= Aszembly Instalistion In TRGA and compledion of iradiation test msire.

¥ : -.l *  ZDWHTR and TRIGA modsling with represenisiion of dsirBuled sensor
F&, mtwork @l amanis, pariormancs reconatruction and optimization of the
% - | riwari design.
- *  Miodeling velidation using test meesurements and scaling to the
prototyples] VHTR conditons.
AP NUCLEAR ENGINEERING
@I

g Fiberoptics-Based Sensing for Real-Time 30
;é[ In-Core Monitoring in NGNF/VHTR Environments

1

In-Core Testing
Key milestones:

T =  Development of theoreticel approach o estimaking neutron flusncs
dishibuded slong the length of the sensing fiber,

Tesl fumaca engineering deslgn with reacior alaty boand sppeoval.
Fber apiic soneor deslgn ond compleilon of oul-of-cors laboralory lnsting |
Test furnase fabrication, assembly and completion of oul-of-core 1esfing.
Daltvery of semeor sirings with connectons 1o universdly; Instalietion in test

Assembly Instaliation [n TRISA and complefion of iradiation test matrbc
SDVHTR and TRIGA modling with represeniaiion of dEsiribuied sensor

-
*
-
o
]

| nebwork deslgn.
T *  Modaling validation using tesl messurements end scaling to the
prototypleal VIFTR conditons.
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In-Core Testing — High Temperature Furnace

The furnace is capable of an automatic starfup triggered
by a user input followed by a swap to a auto controller.

U O L P

The transition limits the temperature gradient from exceeding
0.2 °C/s and prevents overshoot to less than a degree.
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In-Core Testing — High Temperature Furnace

— TEMpErALTE

L pppmstetppl | = = = P r""'-—-———

Tampamare |G

" 500 1000 1800
Tiorss | |rn|
gl Full day operation of the high temperature furnace
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In-Core Testing — Fiberoptics vs. STAR-CCM+

* Largest discrepancies are at
the axial ends of the graphite
due to model assumptions

*  Measurements were affected
by vibrations due to natural
circulation cooling

* The shape of the
temperature distribution does

’ maich closely model

oE

T"T“

o4
predictions
Absolute values were
= Rber CticMassimunent affected by material effects
| STAR-CEM® Predictien and their interpretation by the
0 aa  1as 15 151 152 153 154 f(beroptics data acquisition
Fosiion [i] software.

i NUCLEAR ENGINEERING

L ic ]
 Fiberoptics-Based Sensing for Real-Time 30D

tgl In-Core Monitoring in NGNF/VHTR Environments
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In-Core Testing — Fiberoptics Lifetime

* 12 sensors were available for irradiation within the probe
(4 of each type — temperature, gamma, neutrons)
* 2 temperature sensors failed initial thermal stressing at startup
* 2 gamma sensors failed as a result of 3-month irradiation
(at the 5.8e18 nfcm? fluence reached)
The failure is likely due to material swelling
* Both types of failures occurred with the same characteristics of
increased return loss

Vel
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In-Core Testing — Positioning and Processing
In-Core Environment Reconstruction

Recomstion
Gl Samgling
Qinignial data aei 1155 sensors
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In-Core Testing — Positioning and Processing

POL o
P ) e re

¥ ¥ =
Hot Spot Migr'&ition and Localization within the Core
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In-Core Testing — Positioning and Processing
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Peaking Factor Evolution during Operation
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In-Core Testing — Positioning and Processing

v I

Fast flux hot spot local ization Thamal flux hot spot localizastion
(D=E<1.0E-5MaV}

(0.1<E<5 MaV)
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Fiberoptics-
In

el
=

-Core Testing -

In

Positioning and Processing

Thamal flux hot epot localization
(0<E<1.0E-5 MaV)

Fast flux hot spot localization

{0.1<E<& MaV)
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Fiberoptics-Based Sensing for Real-Time 3D
In-Core Testing
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Positioning and Processing
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In-Core Testing — Positioning and Processing

time ‘days

RENEDT AITANEEmeni

Average Reconstruction Errors
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Conclusions

* The gained experience indicate potential opportunities for future
applications, especially in the environments which would be either
physically hostile or geometrically challenging for traditional sensing
technologies.

Distributed sensing allows gathering more robust data during reactor
operation which is essential not only for predictive safety monitoring but
also for competitive reliability and economics.

The project was focused on NGHNP/WVHTR but the analyzed fiberoptics
sensing and 3D in-core monitoring via distributed sensing are of
paramount value for LWRs, emerging SMRs and all advanced reactors.
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Conclusions
The noted challenges include excessive dependencies of sensing
system performance characteristics on:

* vibrations due to thermo-mechanical core characteristics,

* noise effects,

* internal fiberoptics material effects,

* accompanying software components to recover and interpret
measured performance characteristics,

* frequent calibration needs.

These challenges will have to be resolved in future R&D efforts.
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Fiberoptics-Based Sensing for Real-Time 3D
In-Core Monitoring in NGNP/VHTR Environments
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Appendix

Distributed Sensing

LUNA%

Luna’s Approach — High Definition Sensing

Eegions of distributed sensing can be defined as well

IV [T Y N AN PO NI PO O P PO RO O |
I I

0 ' 10 ' Dituee [
Extremely useful observing how strain changes continuoushy over a region

Small, localized events can be obsened, where larger foil gages would have
averaged, and washed out the response
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Appendix

Behind the scenes

In each segment, the intensity of the scatter is recorded as a fonction of wavelength, o
optical frequency

L L L T L LT LT
B8 S0m

L e L L L T L T T
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Intensity

.

Frequency [ ]

LUNA? » The scatter 15 unique to each segment, thus a ‘fingerprint’

Distributed Sensing with Radiation

DryWell e — Gamma Sensing Fiber
- '}‘"/ N Temperature Sensing Fiber
<\ YN L
Ny A Neutron Sensing Fiber

-

Radiation Source
] I

Fadiation Tempe Tature

osition

o
\

Sensing Fibers

Each sensing fiber expenences the radiation and
temperature though the radiation cross sensitivity is
minimized in the Temperature sensing fiber.
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10.4.8. 3D Mapping and Reconstruction for In-Core Monitoring

JID Mapping and Reconstruction for In-Core Monitoring

in Advanced Reactors

Matthew P. Johnson, Pavel V. Tavetkov
Department of Nuclear Engineering

Texas ABM University
o 1 2
& A1
5-.;. A '«;Q. B:
Sn o B°

St K
T .

;jldVAECCdJ'IGC!]'I.I\'r RCS.CT(J[S - II

Thursday, Nevember 14, 2013, ANE 2013 Winter Mesting
November 10-14, 2013, Ommi Shoreham Hotel, Washingron D.C.

3D Mapping and Reconstruction for In-Core Monitoring

in Advanced Reactors

Introduction

Applied Models

Core Performance

Flux Reconstruction

Interpolation Theory

Proper Orthogonal Decomposition (POD) Theory
Flux Reconstruction Performance

Conclusions

o4+ comems aromes | UNA- @) Eiigrey NEU ML

(S

1/ NUCLEAR ENGINEERING

o> cenerar aromes | UNA\% ) ENERGY 'NEWP m

[T ——




Appendix

Introduction

HTR background

« Brief history of HTRs

DRAGON (1966): 20 MW

Peach Bottom (1967)

AVR (1967): pebble bed

Ft. St. Vrain (1977): full-size power reactor, shut down in 1992

= This work uses three ring VHTR based off of the INL
NGNF design

« HTR advantages: flexible in their neutronic design, can
be engineered to be intninsically safe

NUCLEAR ENGENEERING
. TEEAF ARM UNIVERSITY

Introduction

Meed for new sensors

+ Potential in-core sensors include
— Fission chambers
— Self-powered neutron detectors (SPNDs)
— Fiber optic sensors
+ Current generation fission chambers and SPMNDs are not capable of
surviving for prolonged periods in the high temperature environment
of HTRs
+ Fiber optics can survive in high temperatures. They have been usad
as temperature sensors for some time; however, recently a method
for using them as neutron detectors was suggested.

+ Fiber optics yield significantly more data than other sensors since
they record data along their entire length.

NUCLEAR ENGINEERING
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Apphied Models

Core overview
- Prismatic blocks stacked into Fower 600 Min
a cylinder Fuel U0,
+ Graphite is used as primary Moderator Graphite
structural material Coolant Helium
*  Active core region is annular
= Graphite inner reflector Coolant 712 MPa
provides a large heat sink pressure
* Helium selected as a coolant Core inlet 490 *C
because it is chemically inert termperature
] E_Iectncltyr generation options: Core outlet 1000 °C
direct Brayton cycle, temperature
secondary loop with a Rankine
cycle Core 7m
diameter
Core height 10.7 m

NUCLEAR ENGENEERING
TEEAF AkM DNIVERBITY

Applied Models

Core Geometry

Fuel Blocks 1020 {170
unigue)

Operational Control Rods. 36

Startup Control Rods 12 |
Reserve Shutdown L] ]
Channels i l
Power 500 MWth —
U Enrichment 15at %

Cross-sectional views of the core. Fuel blocks are
color coded according to their burnable material.
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Applied Models

Disparate length scales

Core diameter: 700 cm

TRIZD diameter: 0.032 cm

Fuel rod diameter: 1.2448 cm

NUCLEAR ENGINEERING
TEEAS &M UNIVERBITY

Core Performance

kes peaking factor, hot spot location

NUCLEAR ENGINEERING
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Flux Reconstruction
Problem statement
+  Given flux measurements at discrete locations within the reactor,
can the full flux distnbution to reconstructed?

+ Fiber optic sensors run the full length of the core, so measurement
in z is continuous

NUCLEAR ENGENEERING
TEEAS AkM DNIVERBITY

Flux Reconstruction

Goals

« Accurate reconstruction of the full-core thermal neutron flux with
special emphasis on the location and magnitude of the neutronic hot
spot

* norm of error in hot spot location = || % econtructed — faﬁmg ||

* reconstruction residual = |4, cconstructed — Aactuail

IAFEEOH:!W cted —Aactual

+ relative error =

Agctual

Preconstructed [‘;."I.S[ I_¢EC[1.|.E.|[‘§.."I£IEI s 100

+  percent errorin ¢{Xpge) = + )
actualhot

= error in hot spot z coordinate = zgepyar — Zppedicred

+  Two different algorithms were investigated: interpolation and POD

NUCLEAR ENGINEERING
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Interpolation Theory

Overview

+ Interpolation is the most straightforward method, but how
accurate is it?

= Sensor locations will be related to the hexagonal lattice.
+ Interpelation on unstructured gnds

NUCLEAR ENGENEERING
) TEEAF A8M UNI¥ERRITE

Interpolation Theory
Summary

- Construct a mesh whose simplexes are located
at the flux measurement locations and
interpolate.

« Mesh generation algorithms abound; however,
Delaunay triangulations work just fine.

- Barycentric coordinates are commonplace in
computational geometry, thus there is plenty of
existing software that does the aforementioned
calculations. In this work Matlab was used.

NUCLEAR ENGINEERING
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POD Theory

Proper orthogonal decomposition
+ Has connections to image compression®

[@] rank 1 (b) rank 2

[d] raak a (i} raak 5 {1} rank 25

+ In engineering, often used in conjuction with Galerkin projection to
form low order models

+ Used to analyze time-series data

* i Dl Waeiais I havlasl Pl St v ey, 8 8 claaat rcles

NUCLEAR ENGINEERING
TEXAS AkM UNIVENRITY

POD Theory

Proper orthogonal decomposition

+  Given time-series data, POD can be used to represent this data in

the following form:
M

PG 1) = ) a(Bve(@)
k=1

+ The POD modes, vy, sometimes referred to as empirical
eigenfunctions, are found with the singular value decomposition.
Data from m spatial locations at N different times are stored in
matrix in Mxm matrix A. Taking the singular value decomposition:

A=UzIVT

+  Uis an NxN orthogonal matnix, & is an Nxm matrix whose only
nonzero elements lie on its diagonal, and V' is an mxm orthogonal
matrix.

+ The columns of V are used as the POD modes.

NUCLEAR ENGINEERING
TRLAS AkM UNIVERSITY

oxo ceneraL aromics | | JNA\ %=

[T ——

U.5. DEPARTMENT OF < § — N
ENERGY UNEU? HNL




Appendix

POD Theory

Gappy reconstruction

« Sensors only measure a small subset of the data. How to accurately
find all a;,?

+ Previous researchers have called this gappy reconstruction

+ Let & be a vector that contains the scalar flux at all locations in the
domain at a moment in time. Let n be a mask vector, the same size
as &, that contains 1 at sensor locations and 0 elsewhere.

+ The data from the sensors is then (n, &), where (-) represents
pointwise multiplication.

« Define the gappy inner product

(a.b)y = [(m.a).(n b))
+ And the gappy norm
lallz = (a.a),

MUCLEAR ENGENEERING
: TEEAS SM UNIVERSITE

POD Theory

Gappy reconstruction

+ Given a set of gappy data, g = (n, %), find a reconstructed field, ,
from the POD basis

M

g= Zﬂ;ﬂpk

k=1
+  Seek g that minimizes:
g — 3l
+  The above expression is differentiated wort. each a;. to yield the
following system of equations
Ma=f
where M;; = (¢'. /) and f; = (g.9'),

+  Solve for a, calculate §, use g to fill in missing entries from g

MUCLEAR ENGINEERING
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Flux Reconstruction Performance
FOMs

Review the FOMs used to guantify reconstruction algorithm performance
* norm of error in hot spot location = ||¥rpconsructed — Factuatllz

+ reconstruction residual = |4 aponerructed — daeruail

+  relative error = |Areconstructed—Aactual

Agcrual

P constructed (hor)—Sacruat(Fnoe) . -
- }JEI‘CE-'I'.I.t arror L11¢(Ihpf]=¢re'on::m ted (Xhot) —Pactual (Xho % 100

¢|I:|:!LI|I|!['F|‘.'O!]
+ error in hot spot z coordinate = =z 407 — predicted

These FOMs are calculated at each time step. In order to make
visualization and comparison easier, they may be averaged over time.
For FOMs that may be positive or negative, the absolute value is taken
before averaging.

NUCLEAR ENGINEERING
. TEXAF AhH UNIVERRITY

Flux Reconstruction Performance

Interpolation Ar gy

+ |n order to test the interpolation
algonthm, sensors were placed in all
blocks of the inner reflector, all blocks
of the active core, and one ring of the
outer reflector.

+ Within each block, six different sensor
configurations were considered:

| Configuration | Pitch fom] |
0.0

325563
6511125
8.138907
11.30447
13.02225

mmQo o m®E
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Flux Reconstruction Performance
Interpolation Performance

Variable pitch — hot spot location

Flux Reconstruction Performance
Interpolation Performance

Variable pitch — hot spot magnitude and avg. RE

e bt s i

Interpolation predicts the active core hotspot
magnitude more accurately
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Flux Reconstruction Performance

POD Performance

POD modes

T B S
| - W A M )

iR

NUCLEAR ENGINEERING
. TEEAS AkW DNIVENSITY

Flux Reconstruction Performance

POD Performance

Singular values

W
i
R L —

] ih |.i3 E )
il

Singular values decrease in magnitude rapidly before
leveling off. There is a noise floor in the data due to
the Monte Carlo solution method.
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Flux Reconstruction Performance

POD Performance

Number of modes used in reconstruction

« Vary number of POD modes used during the
reconstruction.

« Two cases: all time steps to create the POD basis, half

of the time steps used to create the POD basis

A=UzvT

The second test case is important because in reality,

the fiux distribution in the reactor will not be an exact

match to one of the simulation results

all Dalf
] §=' s 0
P urn £
o

NUCLEAR ENGEINEERING
. TEXAF AH UNIVERLITY

Flux Reconstruction Performance

POD Performance

Number of modes used in reconstruction

W

«  As expected, using all modes perfectly
reconstructs the data

+ In reality, the in core flux distribution will not be a
perfect match to one of the snapshots used to
generate the POD basis. This is simulated by
only using half (every other) snapshot when
generating the POD basis.

+  Only using half of the modes still outperforms
the interpolation based reconstruction, especially ] ==
in the % error in frue hotspot magnitude FOM u# =

==

b b

-

b oB
B e o

+ POD results only compare directly to the -
interpolation results for the zero-pitch i
amangement. :

«  All remaining POD reconstruction results use the o
POD basis generated from half the data

A

.
O e A W p—
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Appendix

Flux Reconstruction Performance
POD Performance

POD different sensor arrangements

* The high accuracy of the POD method using a single sensor at each block center
suggests that even fewer sensors could be used
Armsgrnasd 1

Flux Reconstruction Performance
POD Performance

POD different sensor arrangements

+ Reconstruction algorithm run using all 15 modes of the half snapshot POD
hasis

* From the avg. RE FOM, it is clear that all perform similarly. This is in contrast
the interpolation algorithm where simply changing the sensor pitch adjusted
the average RE by ~1%

“-I
- i as®
» T
£ LU a7
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f= " ™
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Flux Reconstruction Performance

POD Performance

Summary of results for different sensor arrangements

+ There isn’t a big difference in any of the FOMs

+ (Once again, the z coordinate of the hot spot is predicted
very well, but it's (x.y) coordinates are not.

+ |nteresting that arrangement 1 does clearly perform
better than the others, even though it contains the most
instrumented blocks

« While the margins are slim, arrangements 3 and 5
reproduce the true hot spot’s magnitude most accurately.

NUCLEAR ENGINEERING
. TEXAS AbW UNIVERSITY

Flux Reconstruction Performance

Noise and sensor failure

= What happens when there is noise?

+ Uniform noise was added to the sensor signals
& = P 4 g+ n+ TP

where ® * " indicates point-wise multiplication, & is a mx1 matrix
containing the flux measurements, « is a mx1 matrix whose entries
individually randomly chosen to be 1 or -1, n is the error to be
introduced by the noise, and m is a mx1 matrix of random values
between 0 and 1

= Interpolation algorithm was run using sensor arrangement 1 with
pitches Aand E

= POD algorithm was run using sensor arrangement 5, but with a
varying number of modes

notgy

NUCLEAR ENGINEERING
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Flux Reconstruction Performance

Noisy Reconstruction
Avg RE

NUCLEAR ENGENEERING
A TETAS AbM UNIVERLITY

Flux Reconstruction Performance
Noisy Reconstruction

Conclusions

+ The POD method clearly outperforms the interpolation
method in the avg. RE and true hot spot magnitude
FOMs

« They perform similarly on the hot spot location error
metrics. Small levels of noise (< 3%) have almost no
effect on POD reconstruction, but after that threshold
reconstruction error increases.

« Regarding the number of POD modes used:
reconstructions using fewer modes are less effected by
noise, but have initially lower accuracy.

NUCLEAR ENGINEERING
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Flux Reconstruction Performance

What if sensors fail?

+ Sensors were failed deterministically, according to their closeness to
the true hot spot location

+ Cases were run for POD using all 15 modes from the half snapshot
basis
— All sensor configurations were tested

+ Cases for interpolation were not run because interpolation clearly
fails as it has no way of filling in the lost data

NUCLEAR ENGINEERING
. TEXAF ARH UNIVERRITY

Flux Reconstruction Performance
Sensor Failure

Conclusions

Sensor failure does not have a large effect on the performance of the POD
algorithim.

+  Sensor arangements using even few sensors could be considered.
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Appendix

Summary/Conclusions

+ Interpolation and POD were investigated as flux reconstruction techniques
because they do not rely on diffusion models

« POD appears to have betier perfformance, although it relies in pre-computed
snapshots of the neutron flux. The accuracy of the POD method would
degrade rapidly if the reactor fiux distribution was significantly different than
the snapshots.

+ The exact location of the hot spot is hard to predict. Due to core symmeiry
there should be 6 locations in the core that contain the hot spot. In a real
system stochastic phenomena would remove the perfect symmetry in the
flux distribution. In a Monte Carlo simulation, the stochastic soluiion process
removes the perfect symmetry.

— Al & theoretical hot spots would have the same z coordinate. The reconstruction algorithms
are effective at predicting the z coordinate.

MUCLEAR ENGINEERENG
TEEAF A6H UNIVERBITY
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3D Mapping and Reconstruction for In-Core Monitoring
in Advanced Reactors
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