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ABSTRACT

A remote area modular monitoring system for canister surface temperature measurement has been
developed for detection of gas leakage from canisters containing spent nuclear fuel. The detection
methodology has been demonstrated in canister gas-leakage experiments conducted by using a
1/4.5-scale model cask; both helium and air gas leakage from the model canister, caused by simulated
chloride-induced stress corrosion cracking (CISCC), were detected within hours after the start of the
leakage. The change in canister surface temperature between the top and bottom centers of the
canister during gas leakage (depressurization) triggered automatic alarms, providing a sound basis for
early detection of gas leakage from the canister. This detection methodology, when implemented for
actual canisters containing spent fuel, would allow for consequences management after canister breach
by CISCC through the implementation of necessary mitigation actions to continue aging management,
reduce risks to public safety and health, and protect the environment.

INTRODUCTION

Researchers at Argonne National Laboratory (Argonne) and the Central Research Institute of Electric
Power Industry (CRIEPI), Japan, completed a U.S. Department of Energy Cooperative Research and
Development Agreement (CRADA) program on the development and demonstration of a system to
detect gas leakage from canisters based on temperature information obtained by using Remote Area
Modular Monitoring (RAMM). A customized RAMM system, developed by Argonne for canister surface
temperature measurement (TM), or RAMM-TM, was used in a series of over 25 canister gas-leakage
experiments conducted at CRIEPI between December 2020 and March 2022 by using a 1/4.5-scale
model cask. Because of COVID-19, the entire series of gas-leakage experiments using RAMM-TM was
conducted remotely by Argonne and CRIEPI researchers. Each gas leakage experiment in the test
series, including setup and pre-conditioning, took 10—14 days. Development and demonstration of the
performance of RAMM-TM in the initial set of canister gas-leakage experiments can be found in Refs.
[1, 2], along with development of scenarios and timelines for the management of radiological
consequences of gas leakage from spent-fuel canisters caused by chloride-induced stress corrosion
cracking (CISCC) [3]. The multi-physics STAR-CCM+ code was used to model and simulate the
temperature and flow fields in the gas-leakage experiments by using Argonne’s high-performance
computers, and validations of STAR-CCM+-calculated temperatures versus measured temperatures
can be found in References [4, 5]. The following sections cover topics that highlight the key elements
and results of the entire series of experiments, for which all canister gas-leakage depressurizations
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were detected within hours after the start of leakage. In each case, the change in temperatures between
the top and bottom centers of the canister, ATBT, during leakage (i.e., depressurization) triggered
automatic alarms, thus providing a basis for early detection of gas leakage from the canister.

RAMM-TM AND 1/4.5-SCALE MODEL CASK

Figure 1 is a composite schematic showing connections of the RAMM-TM thermocouples (TC1 to TC8)
to the 1/4.5-scale model cask. The development of RAMM-TM takes full advantage of the various
features already developed for RAMM, while focusing on the TCs for temperature measurements and
power over ethernet [PoE] for power supply and data communication. Argonne designed the TC board
for eight type-K TCs, and contract-manufactured prototypes for integration with the single-board
computer (i.e., the mother board) for RAMM-TM. Description of the customized design for a stand-
alone RAMM-TM can be found in Ref. [1] and will not be repeated here. The type-K TC carrier board
design was based on the Texas Instruments ADS1118 16-bit analog-to-digital converter (ADC) with
internal reference and temperature sensor. Firmware has been written for the sensor daughter TC
board to convert the ADC values from the TCs to mV. The value from the on-chip temperature sensor
serves as the cold junction temperature. The firmware performs a table lookup using the National
Institute of Standards and Technology (NIST) Standard for type-K TCs to find the corresponding
voltage, in mV, for the measured temperature. The firmware then combines the voltages for each chip
and ADC channel, and performs another table lookup with the same NIST Standard to find the
corresponding temperature in degrees C. Using a RAMM-TM unit with type-K TCs connected to a
mockup canister and heat tapes in the laboratory, we compared the temperature readouts after the
firmware conversion to independent measurements up to 100°C. The agreements were within +0.2°C.
The characterization of the sensitivity of type-K TCs is important for the detection of canister gas
leakage based on a small change of ATBT, on the order of 2 to 3°C.
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Figure 1. Composite Schematic showing RAMM-TM thermocouple connections
to the 1/4.5-scale model cask (left).

RAMM-TM webpage for gas-leakage experiments

Figure 2 shows the RAMM-TM web application user interface (webpage) for Unit 3010, which is a

duplicate of the RAMM-TM Unit 3001 shipped to CRIEPI in October 2020. Argonne built a canister

mockup for temperature measurement and performed extensive testing and calibration of the type-K

TCs in Unit 3010. The temperature values of the TCs (TC1 to TC8) in Fig. 2 were the actual ambient
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temperatures in the laboratory where the canister mockup is located, and the values of the two virtual
sensors “DTBTIN” and “DTBT” (i.e., ATBT) are the differences between temperatures measured by
TC5 (bottom center) and TC6 (inlet vent) and by TC5 and TC1 (top center), respectively. All temperature
values displayed on the webpage are the most recent updates, and the status of temperature sensors
is indicated by color: green, orange, and red for normal, warning, and alert/alarm, respectively. The
icons to the right of the temperature sensors in Fig. 2, when selected, show plots of sensor history over
the period specified by Set Timeframe in the task bar. The full history of sensor graph data can be
downloaded into CSV files for data analysis and archiving. The Selection option dropdown box in the
lower right corner of Fig. 2 shows a partial list of functions for the RAMM-TM webpage administrator—
they include Arrange Sensor Map, Clear Alarms, Poll Now, Set Poll Interval, Set Unit Time, Add Virtual
Sensor, Update Sensor Display, etc. The Add Virtual Sensor function is described below.
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Figure 2. RAMM-TM webpage showing TC locations and the corresponding
sensor values of Unit 3010 during canister mockup testing in the laboratory.

Virtual sensors

Virtual sensors such as DTBTIN and DTBT are analytic functions whose values are derived from
calculations based on measurement values of physical sensors. Creation of a virtual sensor from the
RAMM-TM webpage is straightforward, requiring a name, an equation, and a list of dependent physical
sensors. RAMM-TM supports calculations defined by using basic JavaScript, and the values of virtual
sensors are updated whenever a new sensor reading is received from a physical sensor indicated as
a dependent. Each virtual sensor has adjustable thresholds (Min and Max) that, when violated, will
trigger an alarm. For all canister gas-leakage experiments performed to date, DTBT (ATBT) is the
primary virtual sensor for leakage detection; four other virtual sensors (including DTBTIN) were also
included in all experiments. These other virtual sensors were found to be less sensitive than DTBT for
gas-leakage detection.

Figure 3 illustrates the RAMM-TM data flow during the gas-leakage experiment, for which the webpage
allows sharing of data in real time between Tokyo and Chicago.
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Figure 3. RAMM-TM data flows and webpage allowing real-time monitoring and
detection of canister gas leakage during scale-model cask experiments.

RESULTS AND DISCUSSION

The series of scale model gas-leakage experiments was designed with varying combinations of test
conditions: canister fill gas (helium or air), decay heat rates that simulated the spent-fuel storage
duration and associated canister fill-gas pressure, and canister leakage paths due to CISCC, which
were simulated by small-diameter (® = 100, 250 um) pipelets of varying lengths (L = 1, 2.5 and 10 m).
Each scale-model gas-leakage experiment took about 10 to 14 days from start to finish. Pre-
conditioning of each experiment was necessary before opening the control valve of the scale model
canister (see Fig. 1, bottom right schematic) to start gas leakage, which was planned and always
occurred at 7:30 am (Tokyo) or 5:30 pm (Chicago) the following day, to account for the difference in
time zones and allow participation by the Argonne and CRIEPI researchers.

Figure 4 shows (a) the canister gas leakage (depressurization) and ATBT histories and (b) detection of
gas leakage in three gas leakage experiments conducted on canisters filled with helium (He) and air
with simulated decay heat loads corresponding to 40 and 90 years of spent fuel storage. These gas-
leakage experiments employed the same leakage path of ® =250 ym and L = 10 m that corresponds
to an “equivalent” CISCC pinhole diameter (®eciscc) of 66 uym for a leakage path length of 1.27 cm
(0.5 in), which is the nominal wall thickness of a multipurpose canister (MPC) in the dry cask storage
system. Details of the derivation of ®eciscc are described in Ref. [1].

The canister gas leakage (depressurization) and ATBT histories for He and air after 40 years of storage
in Fig. 4 show that before gas leakage started, ATBT was 2°C in He and -3°C in air. The ATBT then
gradually increased to 10 and 20°C, respectively, for He and air, towards the end of
leakage/depressurization, with a change of ATBT of ~8 and 22°C over the course of the experiments.
The small step changes near the end of the depressurization curves were caused by termination of
experiments after the depressurization rates became too small, before ATBT has reached its final
asymptotic values. These results are consistent with the reduction of heat transfer via natural
convection inside the scale-model canister, while the gas conductivities also decreased when the
canister gas pressure decreased during leakage. The fluctuations of ATBT became more pronounced
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toward the end of gas depressurization in Fig. 4, indicating the close coupling between the pressure
inside the canister and the thermal response of the cask system.
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Figure 4. (a) Canister gas leakage (depressurization) and ATBT histories and
(b) detection of gas leakage in three gas leakage experiments conducted on canisters
filled with simulated decay heat loads after 40 and 90 years of spent fuel storage.

Detection of gas leakage based on the change of ATBT, or 8TBT (T5-T1) shown in the axes of Fig. 4(b),
after 40 years of storage showed that the helium gas-leakage depressurization started at 5:30 PM on
1/20/21 and 8TBT (T5-T1) began to rise, triggering an alarm after exceeding a threshold of 2.10°C at
7:30 PM, ~2 h after the leakage depressurization began. The air gas-leakage depressurization started
at 5:30 PM on 2/1/21, and 8TBT (T5-T1) began to rise, triggering an alarm after exceeding a threshold
of -2.90°C at 7:12 PM, less than 2 h after the leakage depressurization began.

The canister gas leakage (depressurization) and ATBT histories for air after 90 years of storage (with
fill-gas pressure lower than after 40 years of storage) in Fig. 4 show that before gas leakage started at
5:30 PM on 2/16/21, ATBT was -1°C. The ATBT then gradually increased to ~12°C towards the end of
leakage/depressurization, with a change in ATBT of ~13°C over the course of the experiment,
compared to 22°C after 40 years of storage. Detection of gas leakage after 90 years of storage in
Fig. 4(b) showed that after the air gas-leakage depressurization started at 5:30 PM, the 6TBT (T5-T1)
began to rise, triggering an alarm after exceeding a threshold of 0.10°C at 10:31 PM on 2/16/21, ~5 h
after the leakage depressurization began, which was longer than the 2-h delay noted in the alarm
notification for the air leakage after 40 years of storage.



Analysis of the time constants of pressure and temperature response curves showed that early
detection of canister gas leakage should focus on the initial period of depressurization, during which
the change in ATBT becomes sufficiently large to trigger alarms [1]. The thresholds that triggered the
alarms in ATBT [dTBT (T5—T1)] in the canister gas-leakage experiments in Fig. 4 are within +2°C, which
is an order of magnitude larger than the sensitivity of +0.2°C of the type-K TCs mentioned earlier in the
paper. This pattern has been observed in all canister gas-leakage experiments conducted to date.

The canister gas-leakage (depressurization) and ATBT history of a canister filled with air after 40 years
of dry storage in Fig. 4 is enlarged in Figure 5 to illustrate the adjustment of alarm thresholds that can
be made from the RAMM-TM webpage during the canister gas-leakage experiments. After canister fill-
gas pressure and ATBT stabilized during preconditioning prior to opening the control valve, the alarm
threshold was set at -2.90°C, which corresponded to ~20% of canister gas depressurization from 6 to
1 atm ambient. Even though the change in ATBT was relatively small during the early phase of
depressurization, an automatic alarm was triggered, as shown in Fig. 4, slightly less than 3 h after the
leakage depressurization began. If the RAMM-TM webpage ATBT alarm threshold had been set at
5°C, which corresponds to 50% canister depressurization from 6 atm to ambient, canister gas leakage
would have been detected within 24 h after the leakage depressurization began. For actual spent-fuel
canisters in dry cask storage systems, the detection of canister gas leakage due to CISCC within 24 h
would still provide ample time for investigation and response, leading to appropriate actions for
mitigation and repair, if necessary.
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Figure 5. Adjustable alarm thresholds in RAMM-TM webpage for canister gas-
leakage detection.

Similarity law

Reference [6] provides details on the technical basis for choosing the design of the 1/4.5-scale model
cask for conducting the canister gas-leakage experiments. Based on the similarity law of thermal
hydraulics, natural convection in an experiment simulating the thermal-hydraulic phenomenon in an
actual spent-fuel canister is possible, if the modified Grashof number (Gr*) and the modified Boussinesq
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number (Bo*) coincide between the actual canister in dry cask storage systems and the canister in the
scale-model cask. Using physical properties of helium and air under the conditions of 6 atm and 100°C,
Takeda and Goto [6] showed that the Pr numbers of helium and air are approximately the same, thus
establishing the relationships of Bo*=Ra*Pr and Gr*=Ra*/Pr and confirming that a change in ATBT
during the 1/4.5-scale model gas-leakage experiments using air can represent the ATBT in gas
leakage, caused by CISCC, from actual canisters (filled with helium) in dry cask storage systems. Since
natural convection also occurs in the gap channel between canister and actual cask, the same natural
convection condition was adopted in the 1/4.5-scale model cask experiments.

Next steps

For vertically oriented welded single- or double-wall canisters in current spent-fuel dry cask storage
systems, either above or below ground, type-K TCs can be attached at several locations on the canister
surface by robotic crawlers inserted through an air vent of the cask and maneuvered down the air-
cooling channel, and these TCs can be used to measure canister surface temperatures at multiple axial
locations, as shown in the EPRI-sponsored demonstration using a HI-STORM 100 storage cask
(containing 32 Pressurized Water Reactor spent-fuel assemblies) located at the Independent Spent
Fuel Storage Installation, Diablo Canyon, CA [7]. For new canisters in dry cask storage systems,
feedthroughs for type-K TCs can be incorporated into the cask design with provisions for standard TC
connectors similar to that used in the 1/4.5-scale model cask. Since the RAMM-TM unit would remain
outside the cask with access to a power supply via PoE, and type-K TCs are resistant to radiation, each
RAMM-TM unit can reliably operate for years and provide a low-cost, easily maintained distributed
sensing system that would enable effective aging management, reduce risks to public safety and health,
and protect the environment.

SUMMARY AND CONCLUSION

RAMM-TM for canister surface temperature measurement has been developed for detection of gas
leakage from canisters containing spent nuclear fuel, and the detection methodology has been
demonstrated in a series of over 25 canister gas-leakage experiments conducted by using a 1/4.5-
scale model cask. Both helium and air gas leakage from the scale-model canisters, caused by
simulated CISCC, were detected within hours after the start of the leakage. The change in ATBT during
gas leakage (depressurization) triggered automatic alarms, providing a sound basis for early detection
of gas leakage from the canister. The RAMM-TM system gas leakage detection methodology, when
implemented for actual canisters in dry cask storage systems, would allow consequences management
after canister breach by CISCC through the implementation of necessary mitigation actions to continue
aging management, reduce risks to public safety and health, and protect the environment.
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