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A B S T R A C T   

Remote Area Modular Monitoring (RAMM) for canister surface temperature measurement (TM), or RAMM-TM, is 
a novel remote monitoring device for detection of gas leakage based on surface temperature measurements of 
canisters containing spent nuclear fuel. Development of RAMM-TM is described in this paper, as is the 
demonstration of its performance in detecting canister gas leakage from a small, simulated chloride-induced 
stress corrosion crack in experiments using a 1/4.5-scale model cask. Both helium and air gas leakage from a 
canister were detected within hours after the start of the leakage. The change in surface temperatures at the top 
and bottom of the canister (ΔTBT) during gas leakage (depressurization) triggered automatic alarms, providing a 
sound basis for early detection of gas leakage from the canister. This methodology would allow consequence 
management through the implementation of mitigatory actions to continue effective aging management and to 
reduce risks to public safety, health, and the environment.   

1. Introduction 

Continuously monitoring the interior of a welded canister containing 
spent nuclear fuel for its functional and structural integrity is excep-
tionally challenging because of the intense levels of heat and radiation 
and the difficulty of transmitting the sensor signals out through the 
sealed stainless-steel canister wall. Yet, confirmation of canister integ-
rity is crucial for aging management of spent-fuel dry cask storage sys-
tems for extended long-term storage and subsequent transportation (Liu, 
2017). A canister breach, if undetected early enough for mitigatory ac-
tions, can lead to serious consequences — release of radioactive con-
taminants; oxidation of fuel cladding, which could compromise fuel-rod 
integrity and criticality safety; and generation of potentially explosive 
hydrogen gas. 

Argonne National Laboratory, with the support of the U.S. Depart-
ment of Energy (DOE), has developed RAMM-TM, an innovative remote 
monitoring device that detects gas leakage from canisters containing 
spent nuclear fuel by measuring changes in surface temperature differ-
ences between the top and bottom center of the canister (Liu et al., 2015; 
Tsai et al., 2015; Li and Liu, 2016). Demonstration of RAMM-TM for the 
detection of gas leakage from canisters is being conducted at the Central 

Research Institute of Electric Power Industry (CRIEPI), Japan, by using a 
1/4.5-scale model cask described in detail in References (Goto et al., 
2017; Takeda and Goto, 2018; Shimizu et al., 2018). Researchers at 
Argonne and CRIEPI began formal collaboration in 2019 under a DOE 
Cooperative Research & Development Agreement (CRADA) on the 
development and demonstration of a canister gas-leakage detection 
system based on temperature information by using RAMM-TM. Fig. 1 is 
a schematic showing the RAMM-TM thermocouple (TC) connections to 
the 1/4.5-scale model cask. 

On the basis of the similarity law of the thermal-hydraulics phe-
nomenon (Takeda and Goto, 2018), the scale-model cask experiments 
employed electric heaters to simulate the decay heat load of spent fuel 
assemblies in dry storage for up to 90 years, with independent control of 
the corresponding fill-gas pressure inside the canister. The scale-model 
cask experiments also employed a unique way to simulate a small 
canister breach resulting from chloride-induced stress corrosion 
cracking (CISCC), with a valve controlling gas leakage and canister 
depressurization, all under specified conditions. 

In this paper, we describe the development of RAMM-TM for the 
detection of gas leakage from a canister, as indicated by differences in 
surface temperatures measured during the initial set of gas-leakage 
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experiments conducted by using a 1/4.5-scale model cask. The multi- 
physics code STAR-CCM + is being used in the thermal hydraulics 
modeling to provide insights into the temperature, gas density and flow 
fields of the scale-model experiments. Validation of the simulation re-
sults against data will be presented elsewhere in the near future. We also 
include analyses of canister pressure drop during gas leakage, leakage 
rates, and “equivalent” CISCC pinhole diameters for a multi-purpose 
canister (MPC) of an actual dry cask storage system. 

The paper is organized into six sections. Section 2 describes RAMM- 
TM development, which includes hardware components and firmware, 
and the web application user interface, which incorporates important 
administrator functions, such as setting temperature alarm thresholds 
and creating “virtual sensors” for gas-leakage detection. Section 3 de-
scribes the 1/4.5-scale model cask and the controlled parameters 
employed in the initial set of gas-leakage experiments. The experimental 
results are presented in Section 4, and Section 5 includes discussions of 
several topics on canister gas-leakage depressurization and thermal 
response, leakage path, “equivalent” CISCC pinhole diameter, allowable 
leakage rate, and consequence management. Major findings and con-
clusions are summarized in Section 6, along with a short description of 
future work. 

2. RAMM-TM development 

The development of RAMM-TM takes full advantage of the various 
features already developed for RAMM (Lee et al., 2016), while focusing 
on the TCs for temperature measurements and power over ethernet 
(PoE) for power supply and data communication. 

2.1. Functional block diagram and hardware device components 

Figure 2 is a functional block diagram showing the hardware archi-
tecture design of a RAMM unit. Each RAMM unit consists of 4 main 
components:  

1. A single board computer (SBC),  
2. Sensor modules for multiple sensor daughter boards, 
3. Communication modules for various communication media (Smart-

Mesh, cellular modem with global positioning system [GPS], satellite 
modem, and 10/100/1000 Base-T PHY), and 

4. A power supply system (IEEE 802.3at controller with flyback regu-
lators, regulator for various voltages and rechargeable battery). 

The modular design makes a RAMM unit adaptable to existing 

applications and easily expandable for system development and future 
applications. 

The SBC is the controller of the RAMM unit that consists of an ARM 
A8 core processor and embedded multi-media controller (eMMC) chip-
set with 4 GB flash memory and high-speed, dynamic random access 
memory DDR3. The abundant computational resources make it possible 
to support a full-blown operation system (OS) on the SBC. Currently, 
Ubuntu is the OS of the SBC, and it has ported a set of interface drivers 
enabling control of various options for peripherals in the SBC — for 
example, a Serial Peripheral Interface (SPI), a Universal Serial Bus 
(USB), an Inter-Integrated Circuit (I2C) for the surface-mounted stock 
sensors, a Universal Asynchronous Receiver/Transmitter (UART), and 
Ethernet. The OS also contains tools that support remote application 
debugging, which facilitates embedded code development for RAMM. 
Customized firmware drivers have been written for the SBC to manage 
the various interfaces between the sensor and communication modules 
and the power supply system, where the power and data flows are 
indicated by the solid and dashed lines, respectively, in Fig. 2. Stock 
sensors in RAMM include humidity, light, thermistor, and a 3-axis dig-
ital accelerometer; specialty sensors in RAMM include radiation 
(gamma, neutron) sensors, electronic loop seal, and a digital camera. 
These sensors will not be discussed further in this paper; they are already 
incorporated into the RAMM-TM. 

Fig. 1. Schematic showing RAMM-TM thermocouple connections to the 1/4.5-scale model cask.  

Fig. 2. Functional block diagram for RAMM.  
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RAMM-TM, a derivative of RAMM, contains several additional, 
innovative features. A customized RAMM-TM unit, shown in Fig. 3, is 
about the size of a lunchbox (21.0 cm L × 15.6 cm W × 26.7 cm H). The 
3D rendition in Fig. 3(a) shows feedthrough ports on the side for 
connection of eight type-K TCs to the TC board inside the exposed metal 
enclosure [Fig. 3(b)], which also shows the PoE connection to the SBC 
motherboard with its own memory chips and other surface-mounted 
stock sensors. Not shown in Fig. 3(b) are the radiation sensor board, 
which is blocked from view by the TC board and the exterior antennae 
for cellular, satellite, and mesh network communication. Fig. 3(c) is a 
schematic illustrating the customized version of RAMM-TM that can 
operate in “standalone” mode where network connectivity is not avail-
able. Multiple firmware modules were written for RAMM-TM, consisting 
of (1) a Sensor Monitor Module that monitors the sensor peripherals for 
TCs, accelerometer, and radiation, gathering sensor data and checking 
alarm status; (2) a Communication Module that receives the sensor in-
formation from the Sensor Monitor Module and sends out the informa-
tion, including alarms; (3) a Data Server Module to “mimic” the central 
server that receives the sensor information from the Communication 
Module and store the data locally on the SBC memory, while providing 
the capability for querying the locally stored data; and (4) a User 
Interface Module, to be described in more detail later. The customized 
RAMM-TM unit embodies the edge computing paradigm as a distributed 
sensing and computing system that brings computation and data storage 
closer to the sources of data. This advancement is expected to greatly 
improve response times and save bandwidth in the future application 
environment. 

Argonne designed the TC board for eight type-K TCs and contract- 
manufactured prototypes for integration with the SBC shown in Fig. 2 
and Fig. 3(b). The design was based on the Texas Instruments ADS1118 
16-bit analog-to-digital converter (ADC) with internal reference and 
temperature sensor. The ADS1118 integrates a programmable gain 
amplifier, voltage reference, oscillator, and high-accuracy temperature 
sensor; its power supply ranges from 2 to 5.5 V, making it well suited for 
power- and space-constrained sensor-measurement applications. Firm-
ware 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 by using the National Institute of Standards and Technol-
ogy (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 tem-
perature in degrees C. Using a RAMM-TM unit with type-K TCs con-
nected 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. 

2.2. Web application user interface and virtual sensors 

Figure 4 shows the RAMM-TM web application user interface 
(webpage) for Unit 3010, which is a digital twin 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 eight type-K TCs. The temperature values of TCs 
(TC1 to TC8) in Fig. 4 are the actual ambient temperatures in the lab-
oratory where the canister mockup is located, and the values of the two 
virtual sensors “DTBTIN” and “DTBT” 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 dis-
played 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 task bar “Set 
Timeframe” on the webpage, when selected, allows adjustment of the 
period over which the sensor histories are displayed (default is last 24 
h), whereas the task bar “Admin,” when selected, reveals a dropdown 
box for “Select option” that includes Arrange Sensor Map, Clear Alarms, 
Poll Now, Set Poll Interval, and Set Unit Time, among other parameters. 
Update Sensor and Update Sensor Display, when selected, reveal other 
dropdown boxes that allow the setting of alarm thresholds for each 
temperature sensor, including DTBTIN and DTBT, after they are added 
to the list of temperature sensors. The icons to the right of the temper-
ature sensors in Fig. 4, when selected, show plots of sensor history over 

Fig. 3. RAMM-TM: (a) 3D rendition showing connection ports on the side, (b) exposed view showing the TC Board and the PoE connection to the SBC, and (c) a 
schematic illustrating the customized “standalone” version of RAMM-TM and its web application user interface. 

Y. Liu et al.                                                                                                                                                                                                                                      



Nuclear Engineering and Design 385 (2021) 111534

4

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. 

As shown in Fig. 4, the Select option dropdown box also allows for 
the addition and deletion of virtual sensors, which are analytic func-
tions, the values of which are derived from calculations based on mea-
surement values of physical sensors. Creation of a virtual sensor 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 any time 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 the initial set of canister 
gas-leakage experiments, DTBT is the primary virtual sensor for leakage 

detection; the other virtual sensor, DTBTIN, was included for the ex-
periments but is not discussed further in this paper because it is less 
sensitive than DTBT for gas-leakage detection. 

Working with the IT staff at CRIEPI, Argonne staff implemented the 
necessary protocols to address firewall-related issues after the RAMM- 
TM unit was delivered to CRIEPI. Fig. 5 illustrates the RAMM-TM data 
flows during the gas-leakage experiments, for which the webpage allows 
sharing of data in real time between Tokyo and Chicago. 

3. Scale-model cask experiments 

Figure 6 is a composite showing (a) the 1/4.5-scale model cask, (b) 
the exposed canister, and (c) a cross-sectional view of the scale-model 
cask with various TC locations and a bottom valve for controlled gas 

Fig. 4. RAMM-TM webpage with two task bars (Set Timeframe and Admin) on top, locations of TCs and the corresponding sensor values for TC1 to TC8 and two 
virtual sensors DTBTIN and DTBT. 

Fig. 5. RAMM-TM data flows and webpage allowing real-time monitoring and detection of canister gas leakage during scale-model cask experiment.  
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leakage from the canister during the experiments. Controlled leakage 
means that the start of gas leakage and depressurization is known when 
the valve is opened, with a known gas-leakage path, as explained below. 

3.1. Simulated CISCC leakage path and gas-leakage depressurization 

The morphology of CISCC has been described by Chu in reference 
(Chu, 2019). The attributes of CISCC affecting gas leakage include crack 
size (opening, width, depth), crack-face roughness, and tortuosity, 
which are considered in other types of gas-flow calculations, such as 
leak-before-break evaluation for reactor piping components. For the 
initial set of scale-model experiments, the CISCC crack was simulated, as 
illustrated in Fig. 7, by a small-diameter pipelet of fixed length. The 
pipelet is connected to the canister control valve, shown in Fig. 6(c), 
with the other end dipped into a water bath so that gas bubbles can be 
observed during gas-leakage depressurization. 

The leakage rate, driven by pressure difference through a straight 
circular tube (pinhole) of fixed length, can be calculated by using the 
following equation from ANSI 14.5–2014 Appendix B (ANSI N14.5- 

2014): 

Lu = (Fc + Fm)⋅(Pu − Pd)⋅(Pa/Pu), (1)  

where Lu is the upstream volumetric leakage rate; Pu, Pd, and Pa are the 
upstream, downstream, and average pressure, respectively; and Fc and 
Fm are the conductance coefficients of continuum flow and free molec-
ular flow, which depend on the pinhole diameter; leakage path length; 
and fluid molecular weight, viscosity, temperature, and pressure. This 
equation can be manipulated to produce depressurization histories for 
air gas flow through a small-diameter (Φ = 250 µm) pinhole with 
leakage path length L = 10, 5, 2.5 and 1 m, as shown in Fig. 8. These 
curves show that the canister depressurization is faster at the beginning 
of gas leakage, and the rate increases as the leakage path length L de-
creases from 10 to 1 m. The rates decrease as the pressure difference 
continues to drop, eventually leveling off at ambient pressure of 1 atm. 

3.2. Scale-model gas-leakage experiments (Case 1 to Case 3) 

Table 1 lists the test conditions of three scale-model gas-leakage 

Fig. 6. (a) The 1/4.5-scale model cask, (b) the exposed canister, and (c) a cross-sectional view showing TC locations and a bottom valve for controlled gas leakage 
depressurization from canister. 

Fig. 7. (a) Schematic and (b) photograph of a “CISCC crack” simulated by using a small-diameter, fixed-length pipelet connected to the canister control valve with 
the open end dipped into a water bath. 

Y. Liu et al.                                                                                                                                                                                                                                      



Nuclear Engineering and Design 385 (2021) 111534

6

experiments with the same leakage path of Φ = 250 µm and L = 10 m. 
The heat load and the pressure before leakage in Case 1 (He) and Case 2 
(air) are similar, whereas the heat load in Case 3 (188.8 W) was slightly 
less than half of that (384.6 W) in Case 2, and the fill-gas air pressure 
inside the canister was 54.1 kPa lower than that (500.7 kPa) in Case 2. 
These heat loads employed in the initial set of 1/4.5-scale model ex-
periments correspond approximately to the decay heat loads of spent 
fuel assemblies in an actual canister (i.e., 8 and 4 kW, respectively), after 
40 and 90 years of dry storage (CRIEPI, 2015). 

4. Detection of gas leakage in scale-model experiments (Case 1 
to Case 3) 

4.1. Pressure and canister surface temperature difference between center 
bottom and center top (ΔTBT) 

Figure 9 shows gas-leakage depressurization and ΔTBT as a function 
of time for (a) Case 1, (b) Case 2, and (c) Case 3. Before gas leakage, the 
ΔTBT values are 2 ◦C in Case 1 (He/391.3 W), − 3◦C in Case 2 (air/384.6 
W), and − 1.5 ◦C in Case 3 (air/188.8 W). Toward the end of depres-
surization, the ΔTBT values are 10.5, 22, and 12 ◦C for Case 1, Case 2, 
and Case 3, respectively. The small step changes near the ends of the 
depressurization curves were caused by the terminations of the gas- 
leakage experiments after the depressurization rates became too small, 
even though ΔTBT had not yet reached its final value. The fluctuations 
of ΔTBT became more pronounced toward the end of gas depressur-
ization in Fig. 9, indicating the close coupling between the pressure 
inside the canister and the thermal response of the cask system. 

4.2. Detection of gas leakage (Case 1 to Case 3) based on change in ΔTBT 

Figure 10 shows detection of gas-leakage depressurization based on 
the differences in surface temperatures measured at the canister center 
bottom and center top, δTBT (T5-T1), for (a) Case 1 (He/391.3 W), (b) 
Case 2 (air/384.6 W), and (c) Case 3 (air/188.8 W). The He gas-leakage 
depressurization in Case 1 started at 4:30p.m. on 1/20/21 and δTBT (T5- 

T1) began to rise, triggering an alarm after exceeding a threshold of 2 ◦C 
at 7:30p.m., about 3 h after the leakage depressurization began. The air 
gas-leakage depressurization in Case 2 also started at 4:30p.m. on 2/1/ 
21 and δTBT (T5-T1) began to rise, triggering an alarm after exceeding a 
threshold of − 3◦C at 7:12p.m., slightly less than 3 h after the leakage 
depressurization began. 

The air gas leakage depressurization in Case 3 started at 4:30p.m. on 
2/16/21 and δTBT (T5-T1) began to rise, triggering an alarm after 
exceeding a threshold of 0.1 ◦C at 10:31 PM, ~6h after the leakage 
depressurization began. Since gas leakage through a small restriction 
depends on the properties of the gas and temperature, the trends of δTBT 
(T5-T1) in the onset of leakage detection alarms in Case 1 to Case 3 are 
consistent, as elaborated in the discussion below. 

Fig. 8. Calculated air gas-leakage depressurization curves for the scale-model 
canister experiments. 

Table 1 
Test conditions of scale-model gas-leakage experiments.  

Case No. Heat Load (W) Gas Gauge Pressure (kPa)* 

1  391.3 Helium  501.4 
2  384.6 air  500.7 
3  188.8 air  446.6 

*101.325 kPa = 1 atm. 

Fig. 9. Gas-leakage depressurization and ΔTBT as a function of time for (a) 
Case 1, (b) Case 2, and (c) Case 3. 
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5. Discussion 

5.1. Canister gas-leakage depressurization and thermal response 

Figure 11 is a generic plot showing canister gas-leakage depressur-
ization versus canister surface temperature differences ΔTBT as a 
function of time (days) during gas leakage. The canister depressurization 
that started from t0 will reach its near-final, asymptotic stage (tPf) of 
ambient pressure before ΔTBT reaches its final stage (tTf) and levels off 
to its asymptotic value of ΔTBTa. 

The gas-leakage depressurization Pg(t) can be represented as 

Pg(t) = Pg0exp( − t/τP), (2)  

where Pg0 is the pressure at t0, and the time constant of pressure drop τP 
is 

τP = V⋅(1 + β)/K⋅A⋅Cs, max, (3)  

where V is the gas volume inside the canister; A (=πΦ2/4) is the flow 
area of a through-wall pinhole with a diameter Φ; K is the flow coeffi-
cient (2/3 for a perfectly circular hole); Cs, max is the maximum flow 
speed through the leakage path, limited by the sound velocity, which is a 
function of maximum gas temperature; and the parameter β accounts for 
the gas-temperature variation (Penalva et al., 2017). The values of τP 
and β can be determined by curve fitting of the experimental pressure 
history, whereas the time constant τΔTBT of the ΔTBT curve can also be 
determined by curve fitting of data by using the following equation: 

ΔTBT(t) = ΔTBTa(1 − exp[ − t/τΔTBT ] ), (4)  

where ΔTBTa is the asymptotic value of ΔTBT. Table 2 lists the time 
constants determined by curve fitting of the experimental data curves 
for Case 1 to Case 3 in Fig. 9. 

The analysis of time constants of pressure and temperature response 
curves shows that early detection of canister gas leakage should focus on 

Fig. 10. Detection of gas leakage for (a) Case 1 (He/391 W), (b) Case 2 (air/385 W), and (c) Case 3 (air/189 W).  
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the initial period of depressurization, during which the change in ΔTBT 
[δTBT (T5-T1) in Fig. 10] becomes sufficiently large to trigger alarms. 
The thresholds that triggered the alarms in ΔTBT are within ± 2 ◦C for 
the initial set of gas-leakage experiments, as shown in Fig. 10. The time 
constants in Table 2 also showed gas depressurization of helium (Case 1) 
was faster than air (Case 2), and the thermal response of the cask system 
depends on Pg0 (Case 2 vs. Case 3), which is a manifestation of decay 
heat load. 

5.2. Leakage path, “equivalent” CISCC pinhole diameter, allowable 
leakage rate 

The leakage paths for the initial set of the scale-model experiments 
are the same for all three cases: 

Φ = 250 µm and L = 10 m. Gas leakage through a small restriction 
depends on the properties of the gas and the characteristics of the 
leakage path, and pressure difference is the driving force for leakage. 
Mass flow is obtained as the product of the volume leakage rate and the 
fluid density under the conditions of interest. A useful expression often 
employed in leakage testing is a mass-like leakage rate, which is the time 
rate of change of the pressure–volume product of the leaking fluid. 
However, it is not a true mass flow rate and requires specification of the 
fluid temperature. In ANSI N14.5–2014 Appendix B (ANSI N14.5-2014), 
a straight circular tube (pinhole) is used to model the leakage path. The 
upstream volumetric leakage rate Lu shown in Eq. 1 contains two 
conductance flow coefficients, Fc and Fm in units of cm3/atm⋅s, for 
continuum and free molecular flow, respectively: 

Fc =
[
2.49 × 106⋅D4]/(a⋅μ) (5)  

Fm =
[
3.81 × 103⋅D3⋅(T/M)

0.5
]/

(a⋅Pa) (6)  

where D and a are the leakage pinhole diameter (cm) and leakage hole 
length (cm); M (g/mol) and µ (cP centipoise) are the molecular weight 
and viscosity of the fluid gas, respectively; T is the gas temperature in 
degrees K; and Pa = 1/2 (Pu + Pd), atm-abs, is the average of upstream 
and downstream pressures, Pu and Pd, in Eq. (1). The coefficient of 
continuum flow conductance, Fc, is derived from Poiseuille’s Law for 

laminar flow; the coefficient for free molecular flow conductance, Fm, is 
derived from Knudsen’s Law. Notice the power-law dependence of Fc 
and Fm on D, the linear dependence on a, fluid gas properties µ and M, 
and the Fm dependence on fluid gas temperature T and average pressure 
Pa. For the initial set of scale-model experiments with Φ = 250 µm and L 
= 10 m, gas leakage depressurization was dominated by continuum flow 
— Fc was 2 orders of magnitude greater than Fm. 

Figure 12 shows the helium leakage rate as a function of the diameter 
D of the pinhole for a leakage path a = 1.27 cm (0.5 in.), which is the 
typical wall thickness of a multi-purpose canister (MPC) for spent-fuel 
assemblies in a dry cask storage system. The upstream helium pressure 
and gas temperature are Pu = 6 atm-abs and T = 398 K. The reference 
leakage rate for air under STP conditions is about an order of magnitude 
lower than that of helium for the same pinhole diameter. 

A “leaktight” condition is defined in ANSI N14.5 as the reference 
leakage rate ≤ 10− 7 cm3/s for dry air at 298 K, with an upstream 
pressure of 1.0 atm-abs and a downstream pressure of 0.01 atm-abs. The 
corresponding through-wall [a = 1.27 cm (0.5 in.)] hole diameter (D) 
should be ≤ 1.740 µm. 

Assuming the gas temperature inside the 1/4.5-scale model canister 
is 125 ◦C (398 K), and Φ = 250 µm and the leakage path length = 10 m, 
the leakage rates were calculated for helium and air for two cases; the 
results were 2.106 × 10− 2 cm3/s and 1.199 × 10− 1 cm3/s for helium and 
2.157 × 10− 2 cm3/s and 1.247 × 10− 1 cm3/s for air, for 6 atm-abs up-
stream pressure and 1 atm-abs downstream pressure (helium) and 1 
atm-abs upstream pressure and 0 atm-abs downstream pressure (air). 
These calculated leakage rates were then used to back-calculate the 
corresponding leakage pinhole diameters (Φ), assuming the leakage 
path length a is the same as the MPC wall thickness [i.e., 1.27 cm (0.5 
in)]; the results are Φ = 45.8–47.1 µm, which are similar to a crack 
opening displacement of a transgranular stress corrosion crack found in 
austenitic stainless steel (Chu, 2019). Reducing the leakage path length, 
while keeping the same Φ = 250 µm, results in higher values of calcu-
lated ΦeCISCC: 54.8–56.1, 65.5–66.7, and 82.8–83.9 µm for leakage path 
lengths of 5, 2.5, and 1 m, respectively. 

The allowable leakage rate can be defined as the maximum permis-
sible volume of gas leaking from the canister per unit of time under 
normal conditions of storage operation. The management of the conse-
quences of canister gas leakage from a CISCC crack has been considered 
by Saegusa et al. (Saegusa et al., 2021) on the basis of two scenarios: (1) 
canister helium gas leakage and air ingress limited by spent-fuel 
oxidation and (2) a canister leakage rate that exceeds the regulatory 
off-site dose limit. If one could detect the canister pressure drop soon 
after the leakage started, it would be possible to take mitigatory actions 
to prevent air ingress into the canister and subsequent oxidation of spent 
fuel. For the second scenario, necessary action can also be taken before 

Fig. 11. Schematic showing canister gas-leakage depressurization and change 
in canister surface temperature differences ΔTBT as a function of time. 

Table 2 
Time constants (τP and τΔTBT) for the gas-leakage experiments (Case 1 to 
Case 3).  

Case τP (h) τΔTBT (h) 

1  15.8  21.3 
2  20.5  38.3 
3  25.0  44.8  

Fig. 12. ANSI N14.5 calculated leakage rate as a function of the leakage 
hole diameter. 
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exceeding the regulatory limits on offsite dose rate, 0.25 and 1 mSv/y, in 
the United States and Japan, respectively. The ΔTBT monitoring of 
canisters in dry storage systems is capable of detecting helium gas 
leakage before air ingress causes spent-fuel oxidation, or before the 
regulatory off-site dose limits are exceeded, and the consequences of 
leakage can be managed in a timely manner by taking necessary miti-
gatory actions. 

6. Conclusions 

A novel, customized RAMM-TM device has been developed for the 
detection of gas leakage from canisters containing spent nuclear fuel, 
and the methodology has been demonstrated in an initial set of canister 
gas-leakage experiments conducted by using a 1/4.5-scale model cask. 
The major findings are as follows:  

1. Both helium and air gas leakage from a canister were detected within 
hours after the start of the leakage. The change in ΔTBT during gas 
leakage (depressurization) triggered automatic alarms, providing a 
sound basis for early detection of gas leakage from the canister. This 
methodology would allow consequence management through the 
implementation of mitigatory actions to continue effective aging 
management and to reduce risks to public safety, health, and the 
environment.  

2. The analysis of leakage path, pinhole diameter, and leakage rate 
provided insights into the depressurization and thermal response in a 
canister during gas leakage, as well as a linkage between the leakage 
path that simulates a small canister breach and an “equivalent” 
pinhole diameter of a CISCC crack in the MPC of a spent-fuel dry cask 
storage system. The information on the CISCC-equivalent pinhole 
diameter vs. leakage rate is being considered for planning scale- 
model gas-leakage experiments.  

3. Future work will include conducting additional controlled gas- 
leakage experiments and exploring the use of multiple virtual sen-
sors for gas-leakage detection and for confirmation of gas leakage in 
actual spent-fuel canisters. STAR-CCM + simulations of temperature 
and flow fields inside and outside the canister will continue and are 
expected to deepen the understanding of gas leakage and thermal 
response in actual MPCs of spent-fuel dry cask storage systems. To 
further enhance the value of this CRADA to DOE, Argonne, United 
States, and Japan, Argonne and CRIEPI are discussing continued 
collaboration, as well as collaboration with other potential partners. 

CRediT authorship contribution statement 

Yung Liu: Conceptualization, Methodology, Funding acquisition, 
Project administration, Supervision, Writing – original draft. Brian 
Craig: Investigation, Methodology, Software, Writing – review & edit-
ing. Zenghu Han: Data curation, Methodology, Software, Visualization, 
Writing – review & editing. Jie Li: Data curation, Methodology, Soft-
ware, Validation, Visualization, Writing – review & editing. Kevin 
Byrne: Investigation, Resources. Hirofumi Takeda: Data curation, 
Methodology, Writing – review & editing. Toshiari Saegusa: Concep-
tualization, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests: 

The authors are research partners and have known each other’s work 
and professional activities since 2014. The relationships are comple-
mentary, and does not involve any potential competing interests. 

Acknowledgment 

This work is supported by a U.S. Department of Energy CRADA 
(A18163) under Contract DE-AC02-06CH11357. The Argonne authors 
would like to thank Dr. James Shuler of the DOE Packaging Certification 
Program for his support of this work. The submitted manuscript has 
been created by UChicago Argonne, LLC, Operator of Argonne National 
Laboratory (“Argonne”). Argonne, a U.S. Department of Energy of En-
ergy Office of Science laboratory, is operated under Contract No. DE- 
AC02-06CH11357. The U.S. Government retains for itself, and others 
acting on its behalf, a paid-up nonexclusive, irrevocable worldwide li-
cense in said article to reproduce, prepare derivative works, distribute 
copies to the public, and perform publicly and display publicly, by or on 
behalf of the Government. 

References 

Liu, Y.Y. “Aging Management for Extended Storage and Transportation of Used Nuclear 
Fuel,” Part IV, Ageing and Radiation, in The Ageing of Materials and Structures, 
towards Scientific Based Solutions for the Ageing of Our Assets, eds. K. van Breugel, 
D. Koleva, and T. van Beek, Springer, 2017. 

Liu, Y.Y., Tsai, H-C., Nutt, M. “Monitoring Helium Integrity in Welded Canisters,” ASME 
Pressure Vessel and Piping Conference (PVP2015), Boston, MA, USA, July 19–23, 
2015. 

Tsai, H., Liu, Y.Y., Shuler, J. Remote area modular monitoring (RAMM) of dry-cask 
storage systems,” INMM 56th Annual Meeting, Indian Wells, CA, July 12–16, 2015. 

Li, J., Liu, Y.Y., 2016. Thermal modeling of a vertical dry storage cask for used nuclear 
fuel. Nuclear Eng. Des. 301, 74–88. 

Masanori Goto, Hirofumi Takeda, Kosuke Shimizu, Kohei Shimaike, “Development of 
Device for Detecting Helium Leak from Canister—Analytical Study for Temperature 
Behavior during Gas Leak from Small Pressurized Vessel,” Intl. Symp. on Advances in 
Computational Heat Transfer (ICHT), Napoli, Italy, May 28–June 1, 2017. 

Hirofumi Takeda, Masanori Goto, “Development of a Device for Detecting Helium Leaks 
from Canisters (Part 1): Experiment on Temperature Behavior during Gas Leaks from 
a Canister of a 1/4.5 Scale Cask Model,” 26th Intl. Conf. on Nuclear Engineering 
(ICON26), London, England, July 22–26, 2018. 

Kosuke Shimizu, Hirofumi Takeda, Masanori Goto, “Development of a Device for 
Detecting Helium Leaks from Canisters (Part 2): Numerical Analysis of Temperature 
Behavior during Gas Leaks from a Canister of a 1/4.5 Scale Cask Model,” 26th Intl. 
Conf. on Nuclear Engineering (ICON26), London, England, July 22–26, 2018. 

Lee, H., Craig, B., Byrne, K., Tsai, H.-C., Liu, Y.Y., Shuler, J.M. Remote Area Modular 
Monitoring System for Facilities and Transportation, 18th International Symposium 
on the Packaging and Transportation of Radioactive Materials, PATRAM 2016, Kobe 
Japan, September 18–23, 2016. 

Chu, S. Chloride-Induced Stress Corrosion Cracking (CISCC) Canister-to-Environment 
Flow Rate Technical Basis, EPRI report 3002015062, June 2019. 

ANSI N14.5-2014, American National Standard for Radioactive Materials – Leakage Tests 
on Packages for Shipment. 

CRIEPI, Basis of Spent Nuclear Fuel Storage, ERC Publishing Co., Ltd., 2015. 
Penalva, J., Feria, F., Herranz, L.E., 2017. Thermal performance of a concrete cask: 

Methodology to model helium leakage from the steel canister. Ann. Nuclear Energy 
108, 229–238. 

Saegusa, T., Takeda, H., Liu, Y., 2021. Monitoring of helium gas leakage from canister 
storing spent nuclear fuel — leakage consequences and management. Nuclear Eng. 
Des. 382. 

Yung Liu, ScD, is a Senior Nuclear Engineer and Manager of the Packaging Certification 
and Life Cycle Management (PCLCM) group in the Decision & Infrastructure Sciences 
Division at Argonne National Laboratory (ANL). He has over 35 years of experience as 
principal investigator and manager of various materials and engineering programs related 
to nuclear fission, fusion, and advanced fossil energy systems, including transportation 
packaging and aging management of nuclear power plants and dry storage systems for 
extended storage and transportation of spent nuclear fuel. Over the last decade, he has 
been leading the development of the ARG-US remote monitoring systems for tracking and 
monitoring nuclear and other radioactive materials in critical facilities and during trans-
portation. He has over 250 publications, book chapters and reports. 

Brian Craig, M.S., is a Principal Electronics System Engineer in the PCLCM group at ANL. 
Since joining Argonne in 2004, Brian has worked on various projects spanning multiple 
domains, including military logistics simulations, energy (electricity & natural gas) 
infrastructure models, and hurricane impact models. He has a main focus on radioactive 
and nuclear materials, working on the ARG-US (“Watchful Guardian”) remote monitoring 
systems technology for nuclear and other radioactive hazardous materials and the Next 
Generation Systems Analysis Model (NGSAM) which provides logistics planning and de-
cision support for the storage and transportation of spent nuclear fuel. He is also an 
Adjunct Professor of Computer Science at North Central College, Naperville, IL. 

Kevin Byrne is a Chief Technician in the PCLCM group at ANL. He supports many PCLCM 
group projects in the nuclear and radiological facilities and labs, including demos and field 

Y. Liu et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S0029-5493(21)00486-6/h0020
http://refhub.elsevier.com/S0029-5493(21)00486-6/h0020
http://refhub.elsevier.com/S0029-5493(21)00486-6/h0060
http://refhub.elsevier.com/S0029-5493(21)00486-6/h0060
http://refhub.elsevier.com/S0029-5493(21)00486-6/h0060
http://refhub.elsevier.com/S0029-5493(21)00486-6/h0065
http://refhub.elsevier.com/S0029-5493(21)00486-6/h0065
http://refhub.elsevier.com/S0029-5493(21)00486-6/h0065


Nuclear Engineering and Design 385 (2021) 111534

10

applications of the ARG-US radio frequency identification (RFID) and remote area modular 
monitoring (RAMM) systems and TRAVELER during transportation and storage of nuclear 
and other radioactive material. Mr. Byrne has over 25 years of experience at ANL. 

Zenghu Han, Ph.D., is a Principal Mechanical Engineer in the PCLCM group at ANL. He 
has 12 years of experiences in the area of packaging and transportation of radioactive 
materials, responsible for the technical review of the Safety Analysis Reports (SARPs) for 
Type B and fissile material packages. He is also involved in several DOE projects on long- 
term storage of spent nuclear fuel and transportation, working on aging management 
programs for dry storage systems, conducting finite-element analysis to investigate the 
mechanical properties of high-burnup fuel cladding alloys, and developing thermal anal-
ysis models for evaluation of thermal performance of dry storage casks. He participates in 
the ASME and ASTM committee meetings developing the codes and standards for trans-
portation and storage of high-level radioactive materials and spent nuclear fuel. He has 
been serving as session and topic chairs, and technical program representative for the 
Operations, Applications, and Components Committee of the ASME Pressure Vessel and 
Piping Division. Dr. Han is an Adjunct Professor of the Graduate Certificate in Nuclear 
Packaging (GCNP) program at the University of Nevada, Reno (UNR) responsible for the 
ASME Pressure Vessel Code for Nuclear Transport and Storage and QA for Radioactive 
Material Packaging courses since 2015. 

Jie Li, Ph.D., is a Principal Chemical Engineer in the PCLCM group at ANL. He has 15 years 
of experience in the area of packaging and transportation of radioactive materials, 
responsible primarily for the thermal review of the Safety Analysis Reports for Type B and 

fissile material packages. He has knowledge and expertise on hydrogen-related issues 
associated with nuclear and waste packages, including radiolysis, combustion and 
deflagration-to-detonation transition. He has been involved in the long-term storage of 
spent nuclear fuel, working on large-scale numerical analysis of thermal hydraulics in a 
vertical fuel storage cask by using multi-physics CFD codes ANSYS/Fluent and STAR- 
CCM+. Dr. Li participates in the ANSI N-14.5 and ASTM committees on package leakage 
testing and spent fuel drying for storage of high-level radioactive materials and spent 
nuclear fuel. Dr. Li has developed advanced window materials for energy-efficient 
applications. 

Hirofumi Takeda is senior research engineer in Nuclear Fuel Cycle Backend Research 
Center of Central Research Institute of Electric Power Industry (CRIEPI). He has studied on 
thermal-hydraulics phenomena in the vessel of Fast Breeder Reactor and Interim Storage 
Facility for over 20 years. In addition, he has developed a salt reduction device which is 
installed in a concrete cask as a countermeasure for SCC and has been developing helium 
leak detector which is installed for concrete cask. 

Toshiari Saegusa, PhD, is a research advisor emeritus of Central Research institute of 
Electric Power Industry (CRIEPI). He has been working for research and development on 
transport and storage of radioactive materials for almost 40 years. He has published some 
papers in Nuclear Engineering and Design, and books including: “Basis of Spent Nuclear 
Fuel Storage” published by ERC Publishing Co., Ltd. (2015) and “Basic of Transport and 
Storage of Radioactive Materials” by World Scientific (2018). 

Y. Liu et al.                                                                                                                                                                                                                                      


	RAMM-TM for detection of gas leakage from canisters containing spent nuclear fuel
	1 Introduction
	2 RAMM-TM development
	2.1 Functional block diagram and hardware device components
	2.2 Web application user interface and virtual sensors

	3 Scale-model cask experiments
	3.1 Simulated CISCC leakage path and gas-leakage depressurization
	3.2 Scale-model gas-leakage experiments (Case 1 to Case 3)

	4 Detection of gas leakage in scale-model experiments (Case 1 to Case 3)
	4.1 Pressure and canister surface temperature difference between center bottom and center top (ΔTBT)
	4.2 Detection of gas leakage (Case 1 to Case 3) based on change in ΔTBT

	5 Discussion
	5.1 Canister gas-leakage depressurization and thermal response
	5.2 Leakage path, “equivalent” CISCC pinhole diameter, allowable leakage rate

	6 Conclusions
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgment
	References


